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(ii)
A B S T R A C T
(iii)
The swelling of a sulphonic acid resin in the Li(l), K(l),
Ag(l), Cu(ll), Ni(ll), Mn(ll), Co(ll\ Cr(lll), and Fe(lll) forms, in 
aqueous ammonia solution, has been described in this thesis. The swelling 
of some metal form resins in aqueous ethylenediamine and propylenediamine 
solutions has been studied for comparison. It was found that the 
alkali metal form resins did not show any preference for ammonia but 
other transition metal form resins did show such preference for ammonia 
and for the other bases studied. The absorption of base by such resins 
was quantitative and hence it v/as possible to construct the formation 
curves for the ammine and amine complexes and to derive stability con­
stants by Bjerrum!s half-step method, for the amine complexes formed in 
the resins. For chromium(lll) and iron(lll) ammines and amine complexes 
such stability constants are derived for the first time; in aqueous 
solutions precipitation of th9 metal hydroxides would occur on adding the 
bases. The ethylenediamine and propylenediamine molecules experienced 
some restrictive effect in being accommodated in the resin due to their 
large size, and hence the complex formation is not always complete with 
these bases. When no restrictive effect was experienced by the solvent 
molecules, the swelling of a metal form resin in aqueous basis solvents was
(It )
found to be in the order pn en^> KH^.
Copper was released to the outer solution when the copper form
resin was equilibrated with aqueous ethanolamine solution. Some
co nduc time trie and potentiometric titrations were carried out to study
the nature of the complexes formed. Such studies revealed the presence
o
of a weak base [CuEgCOH)^] in aqueous solution. The intermediate 
mono-acid base [CuE^(0H)]+ . ..(0H,> and the di-acid base [CuE^]++ ...(OH)^ 
might also be expected, and at sufficiently high concentrations of 
amine the latter was shown to be formed.
(v)
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CHAPTER I
I N T R O D U C T I O N
- 2 -
I A: ION-BXCHANGERS - GENERAL SURVEY
The use of coal and sand for the treatment of water is as ancient as 
civilisation itself. The first systematic attempt to study the phenomenon 
of ion exchange was made by two English agricultural chemists, Thompson and 
Way. In 1848 H.S. Thompson (47) reported to Way that when ammonium sulphate 
or carbonate was passed through a column packed with soil, the effluent from 
the soil contained calcium sulphate but no ammonium salt. During 1850-54 
Way carried out a masterly investigation on this and reported his results 
before The Royal Agricultural Society of London. Way (48) observed that the 
conversion of ammonium sulphate into calcium sulphate was equivalent and that 
the aluminosilicates present in the soil were responsible for the phenomenon 
which was confirmed by the fact that aluminosilicates prepared in the laboratory 
from solutions of silicates and alum showed very similar behaviour. Way also 
observed that some bases were absorbed more readily than others. Though 
Way's classical work served as a stimulus to many scientists, it was some 
fifty years later that Gans (21) showed that base exchange with natural and 
artificial aluminosilicates could be used for water softening and also for 
treating sugar solutions on an industrial scale. But the commercial use of 
these siliceous ion-exchange materials seemed limited because they are unstable 
in acid and alkaline solutions and could only be used satisfactorily under 
nearly neutral conditions. In 1935 Adams and Holmes (l) discovered synthetic 
organic exchange resins which were capable of exchanging ions. They showed 
that stable and high capacity cation exchangers could be prepared by
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condensations of phenolsulphonic acid with formaldehyde, and weakly basic 
anion-exchange resins by condensing amines with formaldehyde. By the proper 
use of these resins it is possible to replace any ion in solution by an ion on 
the resin. But these early resins were not very stable chemically and tended
extremely stable ion-exchange resins based on styrene polymers. The earlier 
ion-exchange resins were prepared in the form of granules but those based on 
styrene polymers can be prepared in the form of small beads.
Nowadays ion-exchange resins having specific ion exchange applications 
have been synthesised such as for the recovery of streptomycin and the refining 
of sugar on an industrial scale. Ion-exchange resins have, now been used in 
every industry.
Ion-exchange resins must be insoluble in the medium to be used. This 
is achieved by cross-linking the long chain molecules to produce a large three 
dimensional network. The amount of cross-linking can be varied in the 
manufacture by altering the proportion of the cross-linking agent, divinyl- 
benzene. To this network are affixed at intervals along the chains the active 
exchange groups such as -SO^H ; -COOH ; -0% etc. for the cation exchangers and
Ion exchange reactions have the following important features. They 
are stoichiometric, every gram-equivalent of the ion taken up by the resin 
liberates one gram-equivalent of the ion initially on the resin. They are 
reversible and the final state of the system is independent of the direction
to dissolve in alkaline solution. In 1944, D ’Alelio (16) synthesised
-NH2 ; -NHR ;■-NRg ; - ,etc. for the anion exchangers.
from which the equilibrium is approached. All exchange groups are accessible 
as sites for exchange of small ions.
For the preparation of modern ion-exchange resins, styrene is first 
polymerised with divinylbenzene in susnension. Cation-exchange resins can be 
prepared from this styrene-divinylbenzene polymer by sulphonation with 
concentrated sulphuric acid. For anion-exchange resins, this styrene 
divinylbenzene copolymer is chloromethylated with chloromethyl ether using 
anhydrous aluminium chloride as a catalyst. The chloromethylated copolymer 
is converted to an anion-exchange resin by amination with various amines.
The reactions are shown in figure 1.
Swelling and its Determinations:
When placed in a solvent, an ion-exchange resin absorbs the solvent 
and usually expands or swells. The fixed ionic groups and counter ions, 
present on the resin, tend to surround themselves with polar solvent molecules 
and hence tend to dissolve the resin in the polar solvents, But the ion- 
exchange resins are cross-linked with divinylbenzene and these cross-links 
prevent the resin from being completely soluble. Hence the resins swell 
but do not dissolve completely, some solvent is taken up by the resin and the 
swelling equilibrium is reached when the elastic forces of the resin matrix 
balance the dissolution tendency of the resin.
Another way of interpreting this phenomenon is to consider the ion- 
exchange resin as a highly concentrated solution of ions; when put into 
solvent, due to the large difference in osmotic pressure between the interior
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of the resin and the external solution, some solvent is taken up by the resin 
to dilute itself, At equilibrium, the osmotic pressure of the gel solution is | 
equal to the swelling tension in the gel substance.
Still another explanation is that neighbouring fixed ionic groups tend j 
to repel one another electrostatically and thus tend to stretch the chains of
|
the matrix. As swelling increases these expanding forces decrease, j
Swelling or solvent content can, more reliab3.y be determined by the 
determination of the density of the grains by a pycnometric technique (23) 
or by weighing the swollen resin after removing the superfluous liquid by 
centrifuging the grains under carefully controlled conditions(36). From the
data obtained the results can be expressed as specific volume of the swollen 
resins (vs ral. per gm,), weight swelling (Ws gm. of water per gm. of dry 
resin) or molar water content (Ms moles of water per gm. equivalent of resin), 
One can also calculate the nominal internal molality, m, of the ions inside 
the resin, i.e.,moles of exchangeable ion per 1,000 gms. of water (12A).
The amount of swelling depends upon the degree of cross-linking. A 
resin with low degree of cross-linking swells more than one with a high degree 
of cross-linking. The greater number of links make the network more rigid.
The weakly cross-linked resin swells more and occupies more volume in the 
column than a similar highly cross-linked resin, having the same dry weight 
and same exchange capacity (17, 35, 36). Similar behaviour is observed with 
strongly basic anion-exchange resins.
When the ion-exchange resin is converted from one salt form to another,
a slight change in swelling occurs in writer* If the exchangeable ion is j
strongly absorbed by the resin the swelling is usually less than when the |
i
resin is in the hydrogen or hydroxyl form, In moderately cross-linked resin, 
most of the solvent is present as solvation shells. So,when the counter ion
is replaced by another one which has large hydrated volume, the resin expands.
+ +In the alkali metal group, Li ion is more highly hydrated than Cs ion and
so the Lithium form resin swells more than the Cesium form resin. Ions,
having different valence must be compared on equivalent rather than molecular
basis. In a highly cross-linked resin, solvation is incomplete and the
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sequence may be reversed, since the Li ion is smaller in unhydrated form than 
the Cs+ ion, A weakly cross-linked resin contains a large amount of !free 
water* in addition to the ’water of solvation*. The tendency to take up 
free water depends upon the number of counter ions. So> when a monovalent ion 
is replaced by a divalent ion this number is cut by half and so the resin in 
divalent metal ion form swells less than one with monovalent metal ion form(l2)..
In these highly swollen resins the ion-size and solvation effect are unimportant 
Thus weakly cross-linked resin swells less when the valency of the counter ion 
is high. But in moderately and highly cross-linked resins the swelling may be 
more as the polyvalent ions are usually more strongly hydrated.
On the other hand the swelling pressure, tt , in a given ion-exchange 
resin is independent of the cation form (11). The swelling pressure is a 
result of the contractive forces of the elastic matrix and for styrene type 
cation and anion exchangers it has been found that the swelling pressure is
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a linear function of the equivalent volume of the resin
Ve = a. 7T + b   . . . . . . .  (1)
where Ve = equivalent volume of the resin, 
a and b are empirical constants.
The constant b is the volume of the unstrained resin and is essentially 
independent of the cross-linking. The constant a reflects the elastic 
properties and is larger for more highly cross-linked resin. The difference 
in the osmotic behaviour of the various ionic forms is exclusively attributed 
to differences in the osmotic activity of the counter-ion species (12A).
Water-Vapour Sorption Isotherms
More information about the behaviour of the resin in the solvent can 
be obtained from the vapour sorption isotherms. The uptake of the solvent 
from the gas phase is plotted against the relative partial pressure of the 
solvent. Boyd and Soldano (11) studied the sorption of water vapour from 
the vapour phase at various partial pressures by a salphonated styrene type 
cation exchanger of various degrees of cross-linking. Prom their results 
it is apparent that at low relative humidity the uptake of water is independent 
of the degree of cross-linking and hence it is concluded that the water is 
bcund as hydration water. But at high relative humidity the resins take up 
much more (free) water and now the water absorption depends upon the degree 
of cross-linking.
The shapes of the curves for equal valence counter ions are similar.
The water uptake remains higher throughout for the more strongly hydrated
relative humidity is conspicuously low as these molecules require more space 
which would otherwise be free for water molecules. Polyvalent cations are 
usually strongly hydrated, but are less efx'icient in producing free-water
uptake. Accordingly, the water uptake at low relative humidity is high but 
rises less steeply with increasing relative humidity once hydration is complete* 
This effect is particularly noticeable in weakly cross-linked resins.
The ’pore’ liquid in an ion-exchahge resin is subject to the con­
tractive forces of the matrix and thus is under a higher pressure than the 
external solution. The pressure difference between the pore liquid and the 
solution is called the ’’Swelling Pressure”.
where vr = swelling pressure
p = pressure in the resin
p = pressure in the external solution
The swelling pressure affects the solvent uptake and thus the solvent
activity in the resin. For a resin which is in equilibrium with pure solvent 
(solvent activity in the external phase a = 1) the following relation isW
species. But for large organic cations [n Cc H^^ .)*] the water uptake at high
I
(2)
obtained
7r Vw -RTln aw (3)
where V = partial molar volume of the solvent w
a = solvent activity in the resin.
W
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Swelling pressures are difficult to measure directly and so calculated 
from water-vapour sorption isotherms determined hy the isopiestic method with 
resins of the same salt form hut different degrees of cross-linking. The 
assumption is made that at equal water-contents (per gm. equivalent) two resins 
of different cross-linking have the Same chemical activity coefficient, hut 
differ in water-vapour activity oh account of different swelling pressures.
The free energy change on transferring a mole of water from a resin of low 
cross-linking { ir z z 0) one of higher cross-linking (at the same molality) 
is then given by
po
A G  = RT In -   (4)
P1
where and p^ are the equilibrium vapour-pressures over two 
resins.
This can he equated with the mechanical work involved in transferring the water 
of molar volume V (= 18 ml.) from a phase of negligible pressure to one atW
pressure 7r . It follows that
= RT 13 p2/pi ................  . .  ............(5)
Determinations based on this principle have shown that swelling pressure in
the range 10-1,000 atmospheres may he present, depending upon the cross-
linking and the water content of the resins.
The corresponding equation for the swelling equilibrium when a resin
is immersed in an aqueous solution will he 
a ir V
where a and a represent the activities of water in the resin and in \
w w |
the surrounding solution respectively9 and it follows that in electrolyte |
solutions where a is smaller than in pure water, the extent of swelling will
w j
be reduced,
i
Sorption of Non-electrolytes I
' !
When a sample of ion-exchange resin is contacted with an aqueous j
solution of a non-electrolyte until equilibrium is reached, considerable amounts i
of the non-electrolyte may be taken up by the resin* This phenomenon was first j!
discovered by Bhatnagar, Kapur and Puri (3). When no interactions of any kind ,
take place the molal distribution coefficient is unity* i*e. the concentration 
of the non-electrolyte inside the resin phase (expressed as mass of the solute 
per gm. of water) is the same as that of the external solution. But this 
type of behaviour is rarely found in practice. Usually, the molality of the 
solute inside the resin is either greater or less than in the outside solution. 
This partition of the non-electrolyte between the resin phase and the outer 
solution has nothing to do with the ion exchange process.
The fixed ionic groups and the counter ions in the resins may tie up
the solvent molecules to form solvation shells, so that very little solvent
remains as ’free1 to dissolve the solute. In the outer solution all the 
solvent molecules are free but in the resin phase all are not. So the j
molality which refers to the total solvent is lower in the resin phase than
•I
in the outer solution. Thus non-electrolytes are generally ”salted-out”, 
when only very small amount of solvent in the resin remains as ’free1, that
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is when the resin is highly cross-linked and the counter ions are strongly 
hydrated.
Sometimes the opposite effect is observed,i.e., 'salting-in* of the non­
electrolyte, For example, when the aliphatic alcohols are equilibrated with 
strong-acid cation-exchange resin in the hydrogen-form a distribution coefficdmt 
of more than unity is observed, but alcohols are salted-out by the same resins 
when in the alkali metal-form (38), When the inorganic counter ions are 
replaced by organic counter ions such as the sorption of organic
non-electrolytes from the aqueous solutions is greatly increased. On the 
other hand, the sorption of hydrophilic non-electrolytes, such as sugars, is 
reduced when inorganic counter ions are replaced by organic ones.
With ammonia and organic amines, which form strong complexes or chelates 
with the counter ions, the situation is different. They are strongly sorbed 
by the cation-exchange resins with Ag(l); Cu(ll), Ni(ll) and other transition 
metal counter ions (26, 27, 45)* They replace the solvent molecules of the 
solvation shells and form stable ammine complexes, satisfying the co-ordination 
valence of the metal ions. Other examples are sorption of polyhydric compounds 
(glycols, carbohydrates, etc.) and carbonyl compounds which form addition 
products with borate and bisulphite anions respectively by anion exchangers 
in the borate or bisulphite forms. Furthermore, anion exchangers in the 
bromide and iodide-forms are excellent sorbents for molecular bromine and 
iodine respectively, which form complexes such as Br~ and I~ with the 
counter ion in the resin (27).
The non-electrolytes, which are generally organic molecules, are subject j| 
to polar and Van der Waals attractive forces. Solute molecules having a 
similar structure to the resin matrix are adsorbed more by the resin due to 
Van der Waals forces, if they are not subjected to the molecular size effect.
So the ion-exchange resins based on styrene polymers absorb aromatic compounds 
of nearly comparable molecular weights. Polar interactions also, play an 
important role in the adsorption of non-electrolytes. Due to this polar 
effect the hydrocarbon groups tend *oo accumulate on a phase boundary. Also, 
the fixed groups of the ion-exchange resins may attract the polar groups of 
the solute molecules due to the polar effect.
In a highly cross-linked ion-exchange resin the equilibrium swelling 
pressure is high and so tends to squeeze the solution out of the resin. In 
the equation
«rV„ = - ET It —
a given swelling pressure rr reduces the internal activity a^ of the species 
W more drastically if the partial molar volume V^ of the species is large(l4).
So a resin of moderate degree of cross-linking may absorb medium size molecules 
more strongly than either smaller or larger molecules of the homologous series.
The very large molecules experience difficulty due to their size, in entering 
the pores of the resin matrix. Thus the absorption of non-electrolytes will 
decrease markedly with increasing degree of cross-linking. This sieve action 
also depends upon the salt form of the resin. The sodium-form of the 
carboxylic acid resin swells more than the hydrogen-form. So the carboxylic
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acid resin can absorb larger molecules when in the sodium-form.
The uptake of solute increases with increasing concentration of the 
solution. However the molal distribution coefficient, usually decreases.
This will happen when the solute is very strongly absorbed on the resin as in 
the absorption of ammonia by the silver or copper (ll)— form resins (45) or of 
phenol by phenolic resin (2). Here the resins take up the solute even from 
very dilute solutions.
The exchange reaction is also slow with larger molecules as observed by 
Kressman and Kitchener (31) and this phenomenon can be used for the chromato­
graphic separation of large molecules.
Sorption of Strong Electrolytes
An ion exchange resin in the salt-form can be considered as a highly 
concentrated solution of counter ions, and when brought into contact with an 
aqueous solution of a strong electrolyte having a common ion, the concentration 
of the cations is larger in the resin phase and that of the anions is larger in 
the solution phase or vice versa. Since the ionised groups attached to the 
resin are non-diffusible, the equilibrium concentrations inside and outside 
the resin will be governed by the Donnan Theory.
For a cation exchanger in the metal form R~..,M+, let &  be the 
concentration of fixed groups at swelling equilibrium, when in contact with 
an aqueous solution of MCI at concentration c_, and let x be the concentration 
of Cl absorbed by the resin. The activity of the electrolyte will be the 
same inside and outside the resin; so, neglecting the it . Y term which will
be relatively unimportant in this context,
f2 [m+] [ci“] = f2 [m] [ci ]............................ (7) 1
+ X
iI
where the inner phase is denoted by barred symbols. j
Hence, !
f2 s f2 (a + x) (x)   (8)
x
if it is assumed that the electrolytes in the resin are completely dissociated, 
so that the concentration of the M ion equals the total concentration of 
acidic groups in the resin.
The general effect of the Donnan membrane conditions can be appreciated 
even though a precise knowledge of activity coefficients is not available. j
Thus a typical value of a for a commercial resin would be approximately 5 M, 
and using this value in the approximate equation, C = x (a + x), the following 
approximate values are found for x, the concentration of absorbed electrolyte, I
i
C 0.01 0.1 1.0 |
x 2 x 10”5 2 x 10-5 0.2
The factors which will favour the exclusion of electrolytes will be
high counter ion concentration, i.e., high capacity of the resin; low degree of j
swelling, i.e.,high degree of cross-linking; low concentration of the outer |
I
solution; low valence of counter ions and high valence of co-ions (17, 20,
36). In addition to these, molecular size, swelling pressure and sieve 
action, all, affect the penetration of an electrolyte.
Sometimes ion association or ion pair formation between counter ions 
and fixed ionic groups takes place in the resin. The carboxylic resin in
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the hydrogen form is very little ionised and so due to ldw Donnan potential the 
power to exclude electrolyte is reduced* Here the absorption of acid is very 
high (37) and is comparable to non ionic sorbents. The same is true for the 
sorption of bases by weak-base anion exchange resin. Moreover, whenever the 
cations can combine with the anions and form the anionic complexes and vice 
versa, the electrolyte exclusion is partially or completely offset.
Weak electrolytes are not affected by Donnan Exclusion and may be 
absorbed by the resin as non-electrolytes, well in excess of their ion exchange 
capacity. Thus acetic acid is absorbed by the cation-exchange resin in the 
hydrogen-form and the anion-exchange resin in the acetate form. Similarly 
ammonia, pyridine, piperidine are absorbed by anion-exchange resin in the 
hydroxy1-form. This adsorption of weak electrolytes depend upon the pH of 
the solution (4)•
As the ion-exchange resin is a very poor sorbent for electrolytes, only 
the non-electrolyte is absorbed by the resin from a mixed solution of electrolyte 
and non—electrolyte if the concentration of the electrolyte solution is low.
This can be used for the separation of the two by chromatography. But at 
moderate or high concentration of the solutions, sorption of electrolytes and 
non-electrolytes both occur, and may affect one another.
Behaviour in Non-aqueous and Mixed Solvents
The solvation tendency of the counter ions, the osmotic pressure 
difference, and the electrostatic repulsion between the fixed groups, determine 
the amount of swelling of an ion-exchange resin in the salt form, in pure water.
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When water is replaced by a less polar solvent the amount of swelling changes* 
Generally the resin swells less in less polar solvents than in pure water. 
Swelling of the resin in pure methanol and ethanol is less than in pure water, 
and in non-polar solvents such as benzene and kerosene there is hardly any 
swelling at all (9, 50). There are some exceptions also; the strong acid 
resin in the hydrogen-form swells more strongly in ethylene glycol and aqueous 
alcohol than in pure water (9,10).
Ionic radius effects swelling on account of solvation effects. In the 
same group of the periodic table, the smaller ions are hydrated more, and so 
the resin swells more when these ions are present. But the hydration is 
incomplete in less polar solvents and so the order of swelling may be reversed 
in less polar solvents, e.g. Li is highly hydrated among alkali metal ions and 
so the lithium form resin swells more in pure water than the potassium form resin. 
But in alcohol the hydration is incomplete and so the potassium form resin swells
4.
more than the lithium form resin as in the unhydrated state, K ion is larger 
than Li ion.
London attractions also play an important role in swelling. Molecules 
having similar structure attract each other. So molecules having a similar 
structure to the resin matrix are attracted by the resin and hence increased 
swelling. Also ion-pair formation plays a part in swelling* A carboxylic 
acid resin in the hydrogen form swells more in methanol than in water (9,14).
But the same resin in alkali metal form swells more in water due to the 
complete dissociation of the resin salt. The fixed ionic groups in a strong
base anion exchanger have affinity for organic molecules and so swelling is 
more in alcohol than in pure water (9,14). The large organic substituents 
present on the resin favour dissociation even in less polar solvents. Resins 
of this type also swell in benzene and kerosene (9).
Selective Swelling in Mixed Solvents
When a dry ion-exchange resin is kept in a mixed solvent, both the 
components of the solvent are absorbed by the resin. The preference for one 
component of the solvent over the other depends upon the molar volumes of the 
two components, upon the electrostatic attractions between the fixed ionic groups 
and counter ions with the solvent molecules or upon the London interactions (38). 
But generally the polar component is preferred by the resin to the less polar 
component (18, 25). Thus water is preferred to less polar acetone or dioxane 
from their aqueous solutions (10, 18, 25) but methanol and ethanol are absorbed 
equally with water as their dipole moments are nearly equal. This type of 
preference for the polar solvent is strongly pronounced with highly cross-linked j
resin and with solutions of low water content. The reason for this behaviour
j
j
is that the ions in the resin have a strong tendency to form hydration shells 
(18). The non-polar immiscible solvents such as benzene cannot remove water i
from the wet resin when kept in it (9, 14, 19, 44).
The capacity of the resin in slightly ionisable solvents like anhydrous 
ammonia depends upon the pH, but in a non-ionisable solvent, the full capacity [
is shown as in aqueous solution because all the groups are operative. But I
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in solvents which produce little swelling the ion exchange equilibrium will be 
slow and a portion of the resin will be inaccesible to the counter ions from the 
solution. So apparently less capacity is shown in such solvents. Prom organic 
solvents electrolytes are strongly sorbed, generally more highly than in aqueous 
systems. So a high value of capacity may apparently be seen if it is not 
corrected for this sorption of the electrolyte;
Ion exchange equilibria and sorption depend upon the dissociation and 
solvation in the solvent and upon any specific interactions such as complex 
formation.
Ion exchange Equilibria
Exchange reactions are perfectly reversible with modern resins. If a 
quantity of resin in A+ salt form (RA) is brought into contact with a limited 
quantity of solution containing B , an equilibrium is eventually set up, 
represented by
HA + B+ (aq.);==iRB + A+ (aq.) . .   (9)
and the resin finally contains both A and B.
The position of equilibrium is quite reproducible and independent of the 
side from which it is approached. The exchange is necessarily equivalent.
The position of equilibrium depends, of course, on the relative proportions 
of PA and of B+ (aq.), but it is also found to depend to a marked extent on the 
chemical nature of the ions A and B , on the resin employed, and often, on 
other substances present in solution. So the resin exhibits some degree of 
* preference1 for one ion relative to the other, even when they are present in
- 20 -
equivalent quantities. This is the phenomenon of ’selectivity’ in ion exchange. 
The physical chemistry of exchange equilibria has been masterly treated by 
Kitchener (30) and recently some 150 pages have been demoted to this subject 
in his book on 'Ion Exchange* by F. Helfferich (27).
-21-
I B; METAL AMMINE COMPLEXES
In recent years an increasing amount of interest has been shown in 
the problems associated with the formation of complex ions in aqueous 
solution. A complex may be defined as a species formed by the association 
of two or more simpler species, each capable of independent existence.
Complex compounds are often described qualitatively as stable or unstable, 
stable when they can be kept indefinitely without decomposition and, in 
solution, fail to give the normal analytical reactions of their constituents. 
Others like carbonyl complexes are very readily decomposed, hence are 
unstable.
Complex compounds undergo reactions in which one ligand is replaced 
reversibly by another, e.g. the reaction of the complex salt with solvent 
molecules, generally water,
M n + nH20 —  ^M(H2°)n + nL . . . .................(10)
The reverse of this reaction represents the formation of a complex ion from 
its constituents in aqueous solution. Equilibrium mass action constants 
for the formation of the co-ordination products are called formation 
constants, and the word stability is used in this connection.
According to the Rossottis (AO), the term stability describes the 
amount of association that occurs in solutions containing two or more com­
ponent species in equilibrium. The more stable the resultant complex, the 
greater is the association that will occur under a given set of conditions. 
The stability of a complex may be expressed quantitatively in terms of one
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of its stability constants#
The theoretical basis for the investigation of the stability of 
complex ions was laid by Arrhenius1 dissociation theory and Werner!s co­
ordination theory and the first thorough investigation in this field was 
initiated by Abegg, BodlSnder and their students at the beginning of this 
century. Abegg and Bodl&nder determined the overall complexity constants,
k  -
*N *“ *TMj[A]n # # * V ........ .. # # { }
for the complex MAn which predominates at high concentrations of the co­
ordinated ligand A * In this expression [M] denotes the concentration of the 
free metal icn and [A] the concentration of the free ligand.
Later investigations, for a large part carried out by J. Bjerrum and 
his students, have shown that addition of a ligand to a metal ion always 
proceeds stepwise and a series of stability constants can be obtained.
[ MA '
l'n = 1 IfAr n = 1, 2, 3 • . . eto. . (12)
*• n-1 J
J. Bjerrum (6) showed that if corrections for statistical effects 
are made, a certain number of the ligands initially bound to the central 
atom, M, are attached with about the same affinity and suggested that a mean 
complexity constant K = ,1 . #K^ . can be used as a convenient
measure of the tendency to complex formation.
For statistical reasons and because of the repulsion of a co-ordinated 
ligand for an incoming ligand of similar type the values of these constants
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nearly always decrease in the order
\ Kn
The product of the successive stability constants
[ML ]n-
[M(0H2)n] x[L]“
= P .........(13)
is the overall stability constant of the system. The values of stability 
constants of some compounds are very high while for some compounds they are 
less than unity. So for uniformity the values of stability constants are 
quoted on a logarithmic scale :
pK = - log10K • •..................
Bjerrum (5) introduced the symbol n which is defined as the average 
number of donor groups bound per metal ion present.
n =
[MA] + 2[MA2] + 3[MA ] + ..... + NfMA^]
[M] + ~[MA] + [MA^] "+ ...... + [ M n. (15)
By substituting the values of [MA]; [MA2] etc. from eq. 12, and eliminating 
[M], n is obtained in terms of [A], the concentration of unbound chelating 
agent and the constants K^, K2, ...
KjA] + [A]2 + 3KjK2K^  [A]3-!- ... + M KjK^ ..K^ AN ^
1 + K^A] + [A]2 + [A]3 ... + K ^ K ^ . K ^
The above equation was named the formation function of the system by Bjerrum* 
The concentration of free ligand [A] is determined in the system by a suitable
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. method, and the value of n may be determined by
s = Ik l J i L    (17)
Cj.frM
where * total concentration of all metal species, and = total con­
centration of ligand species present.
(It is assumed for simplicity of treatment that concentration is 
equal to activity).
So n can be determined in this way and hence the formation constants 
can be obtained by solving a series of N simultaneous equations.
Bjerrum showed that the average constant K is equal bo the reciprocal 
of the free ligand concentration when the degree of formation is 0.5« So
the value of the average stability constant can be found out from the plot
—  —  1
of n versus reciprocal values of [A]. If n is plotted against log [j*], the
value of the average formation constant read from the graph is in log K (33)• 
If the consecutive formation constants are sufficiently separated,
Bjerrum showed from the formation function and statistical effect that
1 1 — 3
h  i i i  wh“n n = * “ ^ 2  = r u  when n = —■ and so on• So the values of
successive stability constants can be read out directly from the plot of
n versus log [j] taking n - -§• for each constant. This is Bjerrum*s half-step
method. But this method gives only approximate values of stability constants
•when they are not sufficiently separated (28).
Ionic Potential (charge-radius ratio) of the cation play an important
part in the complex formation. When a cation has more than one valency
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state, the complexes of the higher valency state are more stable, Irving
and Williams (29) pointed out that the stability of metal complexes of
+2 +2bivalent transition-metal ions increased from Mn to Cu irrespective
of the nature of the ligand, and that there was invariably a decrease in
+2 +2
stability from Cu to Zn ,
' Mn Fe ' <[ Co < C  Ni Cu Zn
+2and this is also the order of decreasing ionic radius (Cu smallest).
The stability of metal complexes depends upon the donor groups
also; E ion is the least polarisable of all anions. Miens are more
polarisable than cations and their distortion by cations should make the
greatest contribution to the total effect (28). So the stabilities of the
complexes of a particular cation increase with increase in the polarisability
of the donor groups. But there is a limit to this as in the highly
polarised molecule there will be a total transfer of electrons and so a
large accumulation of negative charge on the central metal ion. For the
+2 +2divalent metal ions from Mn to Zn , the stabilities of complexes are 
found to increase with changing donor atom in the order
y (  o- C k  )  s ^  p.
The donor atoms of the second short period evidently produce too great
a transfer of charge to the metal atom. Sometimes the co-ordination number
3— —is lowered to reduce such transfer of charge, e.g. [FeF^] to [EeCl^] 
ion (22).
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Carle son and Irving (13) distinguished two classes of metal halide 
complexes. The majority of metal halides had stabilities which decreased 
in the order P Cl Br I ; was always greater than
and the quotient decreased in the order of decreasing stability.
However, the other class included cuprous copper, silver, cadmium, mercury, 
etc., whose fluoride complexes had very low stability - that of the other 
halogens increasing in the order F Cl Br I •
The polydentate ligand is able to attach the metal by two or more 
positions and form a ring structure, the metal atom forming the part of the
ring. The stabilities of complexes are greatly increased by such ring
formation and this process is known as chelation. The most familiar 
chelating agents are the organic polyamines, polycarboxylic acids, amino 
acids and £-diketones. G-enerally, when two monodentate ligands are replaced 
by one bidentate group like ebhylenediamine (en),
log K (en) a 2 log K-j_ (NH^say) + statistical factor + log activity
of free group in the bound ligand.
The greater stability of chelate complexes is explained qualitatively as 
follows. When a bidentate metal complex dissociates, one end is attached 
to the metal and so the other end remains in the vicinity of the metal atom. 
So it is much more readily re-attached than the monodentate molecule 
which is lost in the bulk of the solution once released from the complex.
Also, when complex formation takes place, once the first group of the 
bidentate molecule is bound, the activity of the second group with reference
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to its Reaction with the metal ion is greatly increased. Finally it must
be remembered that at equivalent molar concentrations the bidentate ligand,
having two reactive groups is statistically more liable to co-ordinate than 
a monodentate ligand.
Quantitatively, the chelate effect can be seen to be accompanied 
by an entropy effect because the degree of freedom increases when chelation 
takes place.
[MfHgO) ] + en  ^ [M(en)] + 2H2<) . . . .  (18)
Two species Three species
The above explanation of the stability of chelate complexes ignores
the fact that in order to fill two co-ordination positions the ligand mole­
cule may be subjected to strain, so that a term may have to be subtracted 
to compensate for this. The stability of the chelate complexes also 
depends upon the ring structure. It has been found that the five-membered
ring is more stable than four, six or seven-membered ring. But if the 
number of groups between two active groups increases, the stability
decreases because,due to the length, the active group is now far from the
metal, e.g. aliphaticdiamines and dicarboxylic acids, so log [Cuden]+^ =
3 +2^ log [Cuen] . The stability of EDTA complexes is very great as
EDTA is a tetra- or hexadentate ligand.
There are several methods for the determination of stability con­
stants (33). Bjerrum developed the potentiometric method which is widely 
used. A spec tropho tome trie method is used for coloured species. The
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determination of stability constants by EMF measurements of a metal in 
equilibrium with a chelate of the metal was first attempted by Riley and 
G-allafent (39)• Ligane (32) has described the use of polarographic measure­
ments for the investigation of equilibria involving complexes of metals. 
Schubert (42, 43) used cation exchangers for the quantitative determinations 
of formation constants of metal complexes with anions, e.g. strontium with 
citrate and tartrate.
Nel'son and Walton (34) studied the exchange of Ni, Cu and Zn in
ammoniacal solution on a sulphuric acid treated coal. They reported that
+2 +2 copper was absorbed principally as Cu(NH^)2 , nickel as Ni(NH^)^ , and
zinc as a complex or complexes of intermediate composition. Later Stokes
and Walton (45) showed that when a strongly acid cation exchange resin in
copper form is equilibrated with solutions containing copper chloride,
ammonium chloride and varying amounts of ammonia four ligands of ammonia are
attached to every copper atom in the resin. Silver takes two such ligands
of ammonia per atom in the resin. The formation curve of ammine complexes
agreed well with that of Bjerrum’s for 3M ammonium nitrate solution. They
also showed that there was no co-ordinate bonding between the sulphonic group
in the resin with copper ion, but there is such co-ordinate bonding between
carboxylic group of the weak acid resin and copper ion.
Recently Walton and co-workers (15, 46) carried the above work 
further and studied the complexes of 2-amino ethanol and ethylenedi amine by 
their previous method (45)* They calculated the stability constants
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of 2-aminoethanol complexes of Ag(l)j Ni(.Il) and Cu(Tl) and of en 
complexes of Ni(ll), Cu(ll), and Zn(ll). They showed that the metal 
amine complexes are far more stable on the resin than in the aqueous 
solution. Further they observed that copper ethanolamine complexes have 
the tendency to remain in the outer phase (external solution) while other 
metal amine complexes prefer the resin phase. They also reported that 
ethylenediamine and 1 : 3 propylenediamine complexes of silver are 
independent of cross-linking. (They used 2, 4- and 8% nominal D.V.B.).
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I C: PROGRAMME OF PRESENT WORK
The literature of the swelling of different cation form resins in 
mixed solvents is sparse (9, 50, 10, lif)• Davies and Owen (l8) found that 
water is preferred to less polar acetone or dioxane from their aqueous 
solutions* So it was decided to study the swelling of ion-exchange resins 
in somewhat more polar solvents than acetone or dioxane like ammonia, which 
is also less polar than water. Moreover ammonia and other amines form 
stable complexes with transition metal atoms. So with these basic solvents 
moderate polarisability was combined with complex forming properties* Stokes 
and Walton (45) have also found out that the metals are taken up as their 
ammine complexes by the resin from the aqueous ammoniacal solutions of their 
salts. But they have not studied the quantitative swelling of the resin 
in these basic solvents. The degree of sorption of ammonia and water may 
depend upon the stability of the ammine complexes formed on the resin and 
also on the size of the complex molecule and its solvation tendency,
Bidendate groups form far more stable amine complexes than monoden­
tate groups and as the stability of the complexes may affect the degree of 
swelling, it was thought important to study the quantitative sorption of such 
amines as ethylenediamine (en), which behaves as a bidentate ligand* 
Propylenediamine (pn) is also a bidentate ligand, but this group contains an 
extra - CH^ * group than en and hence there may be some strain in the ring 
formation. Also because of its large size, the resin structure may not
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have sufficient room for the pn molecules and hence the complex formation 
may be incomplete. So it was decided to study the sorption of pn and 
compare the results with ammonia.
Ethanolamine is a slightly stronger base than ammonia. It has one — 
NHg- and one - OH- group. It was thought interesting to study the sorption 
of ethanolamine and relate the results with other amines.
(b) Studies of ammine formation
Walton and co-workers (45, 15> 46) used the general method of ion 
exchange for the determination of stability constants of amine complexes.
In their calculations they have neglected the swelling of resin and hence 
sorption of water from the solution. Also the strain energy term is not 
considered which wall prevent complex formation being complete. Sc it was 
decided to eliminate these two factors and obtain precise values of stability 
constants. In the literature the stability constants of Ee(lll) and Cr(lll) 
amine complexes are not known as the hydroxides of these metals are precipi­
tated when their aqueous solutions are brought in contact with aqueous 
amine solutions.
Preliminary experiments showed that when these metal form resins were 
equilibrated ¥fith aqueous amine solutions, there was no precipitation of 
the hydroxides and the complex amine formation was quantitative. So it was 
possible to calculate the stability constants of these amine complexes from 
the amount of amine and water absorbed by the known weights of these metal 
form resins.
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Suryaraman and Walton (46) reported that en and pn complex formation 
of silver are independent of cross-linking. They used low cross-linked 
resin (2J$, 4% and 8fo D.V.B. content), so it was decided to study the effect 
of cross-linking on ammine formation and swelling in some cases in highly 
cross-linked resin (12fo and 20°/o D.VoBo content).
(c) Other supporting studies on complexes
When the copper form resin was equilibrated with aqueous ethanolamine 
solution, about two-thirds of the copper was released from the resin giving 
an intense blue colour to the solution. The same type of behaviour was 
observed for other metal form resins with aqueous ethanolamine solution.
So it was decided to study the nature of the complexes formed by copper 
with ethanol amine, ethylenedi amine and ammonia by the additional methods 
of conductimetric and potentiometric examination.
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CHAPTER II
E X P E R I M E N T A L
-  34  -
II A: PREPARATION OF METAL FORM RESINS
Sulphonated polystyrene resins (ZeoKarb 225 in sodium form) cross- 
linked with 4.5$, 8$, 12$ and 20$ divinylbenzene were used. They were of 
14-52 mesh. The resin was stirred with two successive amounts of water. The 
resin slurry was then introduced into a large glass column with a sintered glae. 
disc and half filled with water, in such a manner that no air bubbles were 
trapped between the particles (41). When the resin had been transferred, the 
column was back-washed by passing aeionized water up it. The flow of water 
was maintained in such a way as to fluidise the bed, and the light resin 
particles swept over with the water were rejected. Hydrochloric acid 
(about 2 l) was then allowed to flow downwards through the column of resin at 
about 500 ml. per hour, until the acidity of effluent was the same as that of 
the influent and the effluent was free from iron as tested with ammonium thio- 
cyanate solution. The resin was then washed carefully with deionised water 
until the washings were free from chloride, as tested with silver nitrate 
solution, and neutral to methyl orange. The resin was then filtered off on
M
a Buchner funnel and washed there twice, and as much water as possible was 
removed by suction. The resin was then transferred to a large evaporating 
basin, covered lightly to protect from dust and left on the table for some 
days until the resin was completely free running. The resin was then stored 
in a tightly stoppered bottle as a stock material.
The other cationic forms of the resin were prepared from the purified 
hydrogen form resin prepared as above, by passing an approximately normal
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solution of the neutral salt containing the required metal ion through the 
column. The effluent was examined for the metal ion concerned and to ensure 
complete conversion of the resin into the required form about twice the volume 
of salt solution passed that required for the * Break through Capacity*. The 
resin was then washed with deionised water till free from the salt used for 
conversion, and dried as before.
For the preparation of the silver form resin, 2 N nitric acid was used 
instead of hydrochloric acid for the conversion of the crude resin in the 
hydrogen form. The column was always protected from the light while passing 
silver nitrate solution and while dr2ring. The silver form resin was stored in
a brown bottle and always kept in a dark place*
For 'ohe preparation of the ferric form of resin a slightly acidic
solution of ferric chloride was used to prevent the precipitation of ferric
hydroxide on the resin.
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II B: EQUIVALENT WEIGHTS OF CATION FORK RESINS
1. Hydrogen form resin
The capacity and hence the equivalent weight of the hydrogen form resin 
was determined in the following manner (41)• A small weighed quantity of the 
air dried resin was soaked in water and introduced, into a small glass column 
with a sintered disc, taking care to remove entrapped air bubbles between the 
resin particles* An approximately 0,5 N sodium chloride solution was then 
passed through the resin at a rate of 100 ml, per hour and the effluent collects c 
in a 250 ml. measuring flask. When no longer acid, the amount of the acid in j 
the eluate was determined by the titration with standard sodium hydroxide
s
!
solution using phenolphthalein as an indicator.
Vol. of NaOH x Normality of NaOH
Capacity of the H-form resin = -------n— ..   -... .......
(meg./gm.) Wt. of resin
Hence equivalent wt. of H-form 1000
resin =     — .....— ——
Capacity of the resin (meg./gm.)
RH + NaCl^r^RNa + HC1  ................ (19)
An alternative method which was used involved the direct titration of 
an aqueous suspension of the weighed quantity of the air-dried resin with 
standard sodium hydroxide solution in presence of excess sodium chloride 
solution. In the presence of a high concentration of sodium ions the release 
of hydrogen ions from the resin is extremely rapid.
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The capacity and hence the equivalent weight of the cationic form resins 
are usually expressed on the dry weight basis. So the moisture content of the 
hydrogen-form resin was determined by heating small samples to constant weight 
at 120°C; for the ammonium and silver form resins the moisture content was 
determined by quantitative conversion to the hydrogen form, followed by oven 
drying and for the other metallic forms the moisture content was determined as 
for the hydrogen form by heating a known weight of the resin in an oven at 120°C 
to constant weight,
2, Silver form resin
The known weight of the silver form resin was taken in a glass column 
with a sintered disc as used for the hydrogen form of the resin. Silver ions 
were eluated with 1 N nitric acid, the eluate collected in a 250 ml, measuring 
flask, and the amount of silver determined by Volhard’s method (47A) as follows, 
50 ml. of the above solution was measured out by pipette and transferred 
into a conical flask. 2 ml, of ferric alum indicator was added. Then 0.1 N 
potassium thiocyanate solution was added dropwise to a red coloration at the 
end-point.
Vol. of KCNS x Normality of KCNS 
Capacity of Ag-resin =            meg./gm.
Wt. of Ag-resin
3* Conner form resin
The weighed quantity of the copper form resin was taken in the glass 
column as usual and the Cu*"** Ions were eluted with 1 N hydrochloric acid and
the eluate was collected in a 250 ml. measuring flask. The amount of copper 
in the eluate was determined as follows (47A).
50 ml. of the eluate was taken in a conical flask. Free hydrochloric 
acid present was neutralised by adding dilute sodium carbonate solution drop- 
wise till a faint permanent precipitate remains. The precipitate was dissolve j 
on adding a drop or two of acetic acid. Then about one gram, of potassium j 
iodide was added and the liberated iodine was titrated slowly against standard ] j |
sodium thiosulphate solution adding freshly prepared starch solution as an ij
indicator near the end point.
j;
2 CuCl2 + 4KI— »Cu2I? + 4KC1 + I2 . .  ..............(20) ji
Vol. of Na?S?0- x Normality of Na S 0„ j
Capacity of Cu-resin =   ;------    z 2 (meg./gm.) *'
Wt. of Cu-resin
4. Nickel form resin j
The weighed quantity of the nickel form resin was taken in the glass ;|
1
column and nickel eluted by 1 N hydrochloric acid and collected in a 250 ml. |
4
measuring flask. The amount of nickel and hence the capacity of the nickel j
form resin was determined as follows (47A). J
J
50 ml. of the above acidic eluate was taken in a clean 250 ml. beaker. j
It was diluted with water, and warmed to about 70°C on a water bath and •:{
slowly 1% alcoholic solution of dimethylglyoxime was added and stirred j
thoroughly. Ammonia solution was then added till distinctly alkaline.
The beaker kept on a water bath for about on® hour and then filtered through ]
- 39 -
a previously weighed sintered glass crucible No. 4. The precipitate was washed 
thoroughly with distilled water and dried in an oven at 110°C for two hours 
and weighed. Heating and weighing were repeated till constant weight. The 
equivalent weight of the resin calculated as follows
Wt. of resin x 28.345
Equivalent wt. of Ni-resin - ■■..— ..... ........
Wt. of ppt. x 0.2031
5. Other Cationic form resins
The chromium and iron form resins require a very large quantity of acid
for elution, and no satisfactory method for the estimation of alkali metals is
+
available. So for the equivalent weights of alkali metal form resins, NH^, 
Fe(lll); Cr(lll); Mn(XI); Zn(II); Co(H) form l^ esins the following method 
was used (31).
The weighed amount of the metal form resin was taken in a glass column and 
used for the hydrogen form resin. The metal resin was converted into hydrogen 
form by passing excess of 2 N hydrochloric acid solution. The excess acid was 
then removed completely with deionised water. Then H+ ions were displaced by 
sodium chloride solution and the acid titrated against standard sodium hydroxic 
solution as before.
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II C. EQUILIBRIUM EXPERIMENTS
A one grain sample of the air-dried resin was weighed into a dry filter J 
tube and was placed in a stoppered bottle containing a known weight (about 16 j
gms.) of standard ammonia solution. The bottle was tilted several times !
I
during equilibration so that the ammonia solution could percolate through the j 
resin bed and under these conditions preliminary experiments showed that 24 
hours sufficised for the attainment of equilibrium. Five days were allowed 
to the highly cross-linked and Cr(lll) and Fe(lll) resins. The filter tube ,
(Fig.2) was then removed, covered with a rubber cap and supported in a ,i
centrifuge tube by rubber rings (36). It was centrifuged at 2000 r.p.m. for 
30 minutes and then transferred quickly to a stoppered bottle and weighed. |
The concentration of the equilibrium ammonia solution was determined as follows. *I
In a clean and dry conical flask the approximately required quantity of j 
standard hydrochloric acid was weighed out and methyl red indicator was added. 
Then in a small weighing burette (Fig. 2) equiiibriated ammonia solution was 
sucked up and weighed and run into the acid solution. Then the burette weighed 
again, the difference giving the quantity of ammonia run into the standard acid 
solution. The excess of acid was titrated against 0.1 N sodium hydroxide
solution. From these data it is possible to calculate the concentration
of equilibrium ammonia solution. The same procedure was used for other 
basic solvents#
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II D. CONDUCTIMETRIC TITRATIONS
When the copper form resin was equilibrated with ethanolamine solution, 
about two-thirds of the copper from the resin was released. So the copper 
ethanolamine complexes prefer the ruter phase than the resin phase, as observed 
by Walton and Co-workers (15). Similar behaviour was shown by other metallic 
form resins with ethanolamine solution. In ammonia solution, small amount of 
copper was released from the copper form resin but reabsorbed afterwards. So 
it was decided to find out the nature of these copper ethanolamine complexes by 
conductimetric titrations and compare with the ammine and ethylenediamine 
complexes of copper.
10 ml. of 0.1 N copper sulphate solution was taken in the conductivity 
cell. 100 ml. of deionised water was added and the resistance measured. Then 
gradually 1 N ethylene diamine solution was added, 0.1 ml. at a timo till the dear 
solution of the complex was obtained. After each addition the conductivity 
was measured. It was found that the amount of ethylenediamine solution 
required to form the first soluble complex with copper was equal to about one 
mole of ethylenediamine per atom of copper. Then 10 ml. of 0.1 N sodium 
hydroxide solution was added and the resistance re-measured. Gradually this 
solution was titrated against 0.5 N hydrochloric acid solution, adding 0.2 ml* 
at a time and measuring the resistance. All the measurements were carried out 
in a thermostat at 25°C.
The titration was repeated with double the amount of ethylenediamine 
solution, and with ethanolamine and ammonia in place of ethylenediamine.
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II E. POTENTIOMETRIC TITRATIONS
In some cases the results of the conductimetric titrations were confirmed 
by potentiometric titrations. A Cambridge Bench pH meter, manufactured by 
Cambridge Instrument Co. Ltd., was used. An alkali glass electrode was used 
as a reference electrode and the Cambridge Buffer Tablets for pH 9<»27 at 15°C 
for the standardisation of the pH meter. Correction for the room temperature 
for standard pH was applied as suggested by the manufacturer.
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XI J i CALCULATIONS
(1) Standardisation of the acid solution (approx. I N )
About 3 g&s of hydrochloric acid solution was weighed out in a clean 
dry 130 ml. conical flask and diluted with deionised water, and titrated 
against 0.1 N sodium hydroxide solution using phenolphthalein as an 
indicator.
/ \ . vol.of NaOH x Normality of NaOH . a(a) 1 gm. of acid soln. contains  — — - ■ '  — ■ meg.acidv 7 0 weight of acid solution
(b) 1 ml.-0.1 N NaOH soln.—  °f gm. of the acid solution.N 7 —  vol.of NaOH soln.
(2) Standardisation of ammonia solution
From the volume of 0,1 N sodium hydroxide solution required to 
neutralise the excess of acid, it is easy from (l)b above to find out the 
weight of acid solution unreaeted and hence the weight of acid solution 
neutralised by the known weight of ammonia solution. From (l)a above, 
the megs, of acid required to neutralise the ammonia solution is known and 
hence the megs, of ammonia contained in the known weight of ammonia solution. 
By simple arithmetic the megs, of ammonia per gm. of ammonia solution can 
be calculated. The same procedure was applied to the equilibrated ammonia 
solution. The weight in gms. of ammonia was obtained by multiplying by 
0.017.
(3) Weight of solvent absorbed by the resin
About 1 gm. of the air dried metal form resin was weighed out in 
the filter tube. Its oven dry weight was determined separately and hence
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the weight of water present in the air-dried resin was known* The swollen 
resin was weighed after equilibration and centrifugation* So if the 
weight of oven dry resin was deducted from this weight of the swollen 
resin,, the weight of total solvent (water + ammonia) absorbed by the resin 
could be obtained.
(4) Weight of equilibrated ammonia solution
The amount of water present in the air-dried resin was added to 
the weight of ammonia solution taken and from this combined weight of 
ammonia solution and water in the resin, the weight of total solvent 
absorbed by the resin was deducted and so the weight of equilibrated 
ammonia solution was obtained, and its concentration in megs, per gm. of 
solution calculated as above*
(5) Weight of ammonia and water absorbed per equivalent of resin
From the concentrations of initial ammonia solution and the 
equilibrated ammonia solution the amount of ammonia absorbed by the weighed 
amount of air-dried resin and hence by the oven dry resin was obtained.
From the total amount of the solvent absorbed, the amount of water was 
found. Thus the amount of ammonia and water taken up by one equivalent 
of oven dry resin could be calculated. The same procedure applied to 
other basic solvents.
(6 ) Volume of solvent absorbed oer eauivalent of resin
w m w  w  i-Mi !■ mu W l« i m  inn; m i' ,>i -mi .■iwijh ■ ■. im.uiw_i» t ■■ i «rri ■  ......   iwcj»«=ainwj.« inn* -1 g«TL»n»"i.»imw.L. ■..fjw
For aqueous ammonia solution
“ s specific volume = 1.003 + 0.0043 P . . . . . .  (2l)
where P = weight fo NH, or
j
specific volume = 1,003 + 0.43 P 
where p = weight fraction.
This is a straight line graph and (32A) partial sp. volume of H^ O = 1.003
and partial sp. volum4 of NH^  = 1.003 + 0.4-3 = 1-433-
Therefore,
Partial molar volume of H O^ = 18.05 ml.
and partial molar volume of NH, = 24-36 ml.
3
Total volume (v) = (moles H O^ x 18.05 + moles NH^  x 24-36) ml.
No information has been found concerning the densities of en - H^ O 
mixtures. The density of pure ethylenediamine is given as 0.8977 so the 
molar volume of ethylenediamine in aqueous solutions is assumed to be
= 66.9 ml. Total volume (V) = (moles H^O x 18.05 + moles en ar 
66.9)ml.
Propylenediamine (pn) solutions (1.2 Diamino-Propane)
No density data are available for pn-H^ O mixtures. The density of
pure pn is given as 0.878, so the molar volume, of pn in aqueous solutions
is assumed to be = 84.43 nil.u.o/o
Therefore,
Total Volume (V) = (moles H O^ x 18.05 + moles pn x 84-43) mU
(7) Stability constants
The derivation of stability constants from equilibria in resins
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involves a number of uncertainties connected with the 1Strain-energy* term 
in resin equilibria, with the unknown activity coefficients of solutes in 
the resin phase, and particularly with the distinction that has to be made 
between bound ligand and free ligand in the resin phase.
The data available on distribution coefficients of a base between 
resin and outer solution are limited to the resin in alkali metal form, 
where the measured distribution coefficients do not differ greatly from 
unity; but it is dangerous to assume that the same would apply to 2- and 
3-valent ions. The distribution coefficients will depend partly on 
possible salting-out effects (activity changes) in the resin and partly on 
the molar volume of the ligand; in the absence of information on the first 
effect, one may explore the effect of the second which may be the most 
important.
The swelling equilibrium of a resin is governed by the equation ; 
a
ET loge - 3 -  = *r VH Q  .......... (22)
a 2w
where ir is the restoring force of the resin framework,
is the volume of a water molecule (18.03 ml.)
7rV is the work done in swelling (per mole).
In an approximate treatment, mean values of w can be taken from the 
earlier work of G-luckauf (21A) and Boyd (ll), e.g., for a fully swollen 
dfo cross-linked resin ir 200 atm., and for a 20J$ cross-linked resin 
ir 900 atm.
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When the resin swells in an aqueous solution of a non-electrolyte, 
B, a similar equation will be valid :
aR ^T. , ,
iogio - r - =   (23)
ag 2.303 RT
The resin will tend to exclude the larger molecule, as can be seen by
combining these two equilibrium conditions :
a - V )
log ——  - log ~  =  — ...................   . (24)
aB a? 2.303 RT
t 1 85 ~ ^H20  ^ /orIor log 3 - = log —  -  —   . . ^25;
%  aw 2.303 RT
V = partial molar volume.
If it is assumed that activities can be replaced by concentrations, or mole 
ratios, in the ~*esin phase as well as in the aqueous solution, the above 
equation becomes
1 ^  1 ^  ~ V  ( ,vlog — —  = log —  - — — . .......... .. (26)
[HgO] [H20] 2.303 RT
[B] the only unknown, can thus be determined.
If B = NH^ - VH 0) = (24.36 - 18.05) = 6.31 c.c.
log .2.303 RT = 4.7434 at 20°C.
Hence w(V - V )
2 = 0.0228 for &% cross-linked resin
~ 2.303 RT
and 0.1025 for 20% cross-linked resin.
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Therefore
[ M H ] [HH ]
l o g    ■ = log -------- 0.0228 for 8fo cross-linked resin . . . .  (27)
[ £ $  [h 2o]
[fffl ] [MIL]
and log 1 - ■ = log   - 0.1025 for 20% oross-linked resin . . . .  (28)
[H2°] [H20 ]
The same equation can he applied to ethylenediamine solutions also.
r~ 1 reni ’Kv - V )
Hence log = log L— i - — .— ■— — £22- ............ (29)
[H20] [H20] 2.303 RT
(V - V„ J  = 66.9 - 18.05 = 48.85 ml.
en 2
[en] [en]
Therefore log — ——■ *=log — —  - 0.1766 for Q% cross-linked resin and 
[H„0] [HO]
*  at 20°C............(30)
Similarly for propylenediamine
[pn] [Pn] w(V - Y„ 0 )
log — i = i0g — • - _J?2— . . . . . .  (31)
[H20] [H20] 2.303 RT
(?pn - VH Q) = (84.43 " 18.05) = 66.38 ml.
[pn] [pn]
Therefore log ---- = log — - - 0 . 2 3 9 6 ................. (32)
[H20] [HgO]
The strsin-energy term will be very small for a 4% cross-linked resin
and any attempted correction would probably be within the range of experimental! 
uncertainty. So it was assumed in this case that the concentration of 
free base in the resin (in molalities) was the same as that outside; the 
base not accounted for in this way was assumed to be complexed with the
metal ion.
The amount of free base in the resin (8% and 2Qf% cross-linked) could 
be calculated from the data obtained by using the above equations, and hence 
the correct amount of base attached to an atom of the metal could be ob­
tained as follows *
J. B4errum (5) has given the stability constants of metal ammine 
complexes in solution. For direct comparison with Bjerrum’s results the 
concentrations should be in moles per litre. The conversion from moles 
per kg. solutions can be carried out using the density formula for ammonia 
solutions .
1 =  1.003 + 0.0043 P
d
where p is the weight % NH^ in an aqueous solution, 10P/17 moles NH^ per 
kg. solution = M;
Therefore p s 1 J H  .
and ~ = 1.003 + 0.00731 M ............   (33;d
Substituting the values of M in the above equation, densities of the ammonia 
solutions can be calculated and hence the moles of ammonia per litre can be 
obtained.
No density data appear to be available for aqueous solutions of 
ethylenediamine and propylenediamine, so the ?/eight scale of concentrations 
is used for these solutions.
The quantity of ammonia (gms.) per kg. of solution is calculated 
from the concentration of ammonia solution (moles/kg.) by multiplying by 17
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the molecular weight of ammonia. The quantity of water (gms.) in a kg. of 
solution is obtained by deducting the amount of ammonia (gms./kg.) from 
1000, and when divided by 18 (molecular weight of H^O), the concentration 
of water can be obtained in moles per kg. of solution. From this 
moles NH_/kg
lcgnrt ■   —  gives the first term on the right hand side of equation 27
&10 moles HgO/kg . u
ad when 0.0228 subtracted from this value for the &?o cross-linked resin 
(or 0.1025 for the 20^ cross-linked resin), the right hand side becomes 
equal to , # >phe quantity of water (gms.) absorbed by one
810 [iyi]
equivalent of resin is known from the data and hence the moles of H^O can be 
calculated by dividing by 18. So it becomes simple to find out log [NH^] 
and hence which is the amount of free ammonia in the resin per equiva*-
lent of it.
The quantity of ammonia (gms.) absorbed by one equivalent of resin is 
known from the data. This is converted into moles of ammonia per equivalent 
of resin by dividing by 17. This gives the average number of moles of 
ammonia per equivalent of metal ion on the resin, bub has to be corrected for 
the free ammonia which is present, in addition uo that bound through ammine 
complex formation. The amount of free ammonia calculated as above, is 
subtracted togive the corrected average number of moles per equivalent 
of metal ion, and hence per metal atom (n). The formation curves can be
-51-
drawn from this by plotting the average number of ligands (n) attached 
per metal atom against the logarithm of the concentration of ammonia in 
the outer solution. From these formation curves, the stability constants 
were calculated by Bjerrumfs half-step method (5).
A similar procedure was used to find out the amounts of free 
ethylenediamine or propylenediamine in the resin. The molecular weights 
of en and pn were taken 60.0 and 74.13 respectively to represent one 
mole of each.
F ‘ 3 - 2 t
( rU t *  Column,
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CHAPTER III
AMMONIUM AND ALKALI METAL RESINS
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The uptake of ammonia and water by 8$ cross-linked ammonium, lithium, 
sodium and potassium, and 12jo cross-linked ammonium form resins are described 
in this chapter, and distribution coefficients of ammonia are given for these 
resins.
The results obtained with ammonium and alkali metal form resins are 
given in Tables 1-5. Each is the mean of duplicate experiments. Fig. 3 
shows the number of grams of ammonia absorbed by one equivalent of oven dry
resin, plotted against the equilibrium concentration of ammonia in the outer
solution. There is a steady increase in the uptake of ammonia and decrease
in the uptake of water with increasing concentration of ammonia solutions. It
is apparent that these cationic form resins show little preferential absorption 
either of water or of ammonia. Hence it would not be expected that the 
presence of ammonia would have a marked effect on the swelling pressure, or on 
the volume of the swollen resin. Nevertheless there is a regular decrease in 
the weight of total solvent absorbed by the resin as the concentration of 
ammonia in the outer solution is increased, amounting to about 5f° over the 
concentration range studied. The partial molar volume of ammonia in aqueous 
solution is 24*36 ml, as shown in calculations. It may be doubted if this 
value is strictly applicable to the liquid in the swollen resin, owing to 
changes in the water structure, but it will be approximately correct. The 
values of V in the sixth column in the tables represent the total volume of 
the swelling liquid in the resin, on the assumption that water and ammonia 
occupy, respectively 18.05 and 24.36ml. per mole. For sodium and 12$ cross-
linked ammonium resins, there is slight increase in the total volume of the
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solvent absorbed due to some unknown reasons, but in other forms the total 
volume remains the same. It is also apparent that, within experimental error, 
the volume of water absorbed by these resins from pure water is equal to the 
total volume of the solvent absorbed from the aqueous ammonia solutions at 
different concentrations, and hence there is no change in swelling pressure 
when ammonia solution is used in place of water alone.
The uptake of ammonia and also of the total volume of the solvent are 
in the order of Li^ Ha K which is the same as observed by Gregor et
al (25A), and also the osmotic coefficients for strain-free exchangers lie in 
the same order (21 A). The order of these ions is the order of their Debye- 
Huckel distance of closest approach parameter as first pointed out by Boyd et 
al (11A) and amplified by Kressman and Kitchener (31 )• The 12$ cross-linked 
ammonium from resin absorbed a smaller amount of ammonia and a smaller volume 
of the total solvent compared co 8$ ammonium form resin.
In Fig. 4 the concentration of ammonia in the outer solution is plotted 
against the concentration of ammonia in the liquid taken up by the resin, 
straight lines being obtained. The distribution coefficients described as 
P = are -j #q8 and 1,23 respectively for the 8$ and 12$ cross-linked
[h h3]
ammonium resins. So ammonia is slightly accumulated by the ammonium form resin 
and it may be due to London interactions as structural similarity of the solvent 
molecules and the constituents of the resin favours swelling (9> 14). But 
the distribution coefficients for sodium and potassium resins are 0.94 and
0.87 respectively which shows that there is no preference for ammonia by these
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resins. Hence the results provide no evidence for the weak ammine complexes 
that have been suggested in the past for the sodium and potassium ions (8).
For the lithium resin the ammonia absorption is markedly higher, the 
distribution coefficient being 1.33. J. Bjerrum has reported a monoammine 
(as well as di~ and triammine) with a stability constant K = 0.5 (Ref. 5 
page 149), so that
= 0.5  (34)
[iiiHH,] _
or _____£_■ = 0.5 [HHj .................................... (35)
[Li]
If the concentration of ammonia is taken as that of the interior of 
the swollen resin for the four concentrations given in column seven of 
Table 3, the number of grams of ammonia that would be bound in this way by 
lithium ion would be 6.52, 9.31, 11.32 and 12.06. The first two figures are
greater than the total amount of ammonia absorbed (including that comprising
part of the swelling liquid). So if the lithium resin forms a complex at
all, it is certainly far less stable than would correspond to Bjerrum*s value
for aqueous solution.
The uptake of ethanolamine and water by 8$ cross-linked ethanolammonium 
(Ea+), lithium, sodium and potassium form resins are given in Tables 6 - 9 .  
Ethanolamine is a slightly stronger base than ammonia, the base dissociation
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constant being 3.18 x 10 at 25 C (3A) compared to 1.8 x 10*” for ammonia,
+ —
and so the aqueous solution of ethanolamine contains more Ea and OH ions 
compared to and OH ions in ammonia solution. Accordingly, some release
of metal ion from the resin was observed with this solvent. The results gives 
in Tables 6 - 9  are not corrected for this exchange, and this must be remember 
in drawing conclusions from these figures. The ethanolammonium resin swells 
less than its ammonium counterpart. The other resins give almost exactly the 
same volumes in the two solutions.
The weight of ethanolamine absorbed by the metal resins for a given 
molar concentration is greater than for ammonia, but when moles (or grams) are
consistently used, the results are not dissimilar. Thus for the uncorrected
figures the distribution coefficient of nearly one is obtained for the lithium 
resin and less than one for the sodium and potassium resins.
The density of ethanolamine is 1.0158 at 20°C (51)* So its molar 
volume will be 60.15 ml. The corrections for the strain-energy term for 
this solvent can be applied using equation 26.
^  . 108 w  . ^ - y  .................<*,
[H2°] [®20  ^ 2.303 RT
Then the concentration of ethanolamine in the solvent absorbed by the resin can
be calculated theoretically and is given in the last column, [®0ca^c "kke 
Tables 6 - 9 .  The experimental values are much lower than the calculated onefc; 
so the low uptake of ethanolamine by the resin is not due solely to its large 
volume* The experimental distribution coefficients are less than one except 
for lithium resin where it is nearly equal to one.
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Column headings for the Tables
1. NO. = Serial numbers.
2. [m ] = Concentration of ammonia or amine (moles per Kg.) in the
equilibrium solution.
3. NH_; Ea; En or pn = Weight of respective base (gms.) absorbed by
3
one equivalent of resin.
4. H^O - Weight of water absorbed by one equivalent of resin.
5. W = Weight of total solvent (gms.) absorbed by one equivalent of resin.
6. V = Total Volume of solvent (millilitres) absorbed by one equivalent of 
resin.
7. Free [WH^J; Free [en] or Free [pn] = Amount cf free base (moles) in 
one equivalent of swollen resin.
8. Corrected n = Number of moles of be.se bound per atom of metal on the 
resin (mean of duplicate experiments).
9. log [NH^] ~ moles of ammonia per litre of equilibrium solutions
10. log [en] or log [pn] = log molalities of base in equilibrium solution.
11. [M] = Concentration of ammonia or ethanolamine (moles per Kg.) in the 
solvent absorbed by the resin.
TABLE 1
&%> cross-linked Ammonium-resin and aqueous ammonia system
No. [M] n h3 H2° ¥
V [s] j
1 . - 175.8 175.8 176.4 -
2. 0.72 2.18 170.6 172.8 174.2 0.7274
3. 1.66 5.41 165.9 171.3 174.2 1.856
4. 2.46 7.61 162.8 170.4 174.1 2.629
5. 3.31 10.34 159.4 169.7 174.6 3.581
Equivalent weight 208.
Column headings as on page 58.
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TABLE 2
% cross-linked Ammonium-resin and aqueous ammonia system
No. M NH
^ 3 °
¥ V [M]
1. - - 121.4 121.4 121.8
2. 0.73 1.84 118.8 120.6 123.6 0.8953
3. 1.67 4.20 114.1 13-8.3 124.7 2.087
4. 2.50 5.76 112.8 118.6 128.6 2.855
5. 3.27 8.12 110.4 118.5 130.5 4.033
Equivalent weight 213.5.
Column headings as on page 58.
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TABLE 3
No. M NH-
j H2° w 1| V [M]
1. - - 211.3 211.3 j 211.9 -
2- 0.8? 4.42 204.8
!
209.2 | 211.5 1.243
3. 1.78 8.51 198.0 206.5 ! 210.8 2.424
4. 3*05 13.86 190.5 204.4 j 211,0 3.990
5. 3.88 16.82
---------
185.8 202.6 |
\
\
210.5 4.883
Equivalent weight 203*3
Column headings as on page 58-
% cross-linked Sodium-resin and aqueous ammonia system
No. M
> 3 H2°
w V [M]
1.
■
- 192.2 192.2 192.7 -
2. 0.90 2.79 185.1 187.9 192.4 0.872
T «/ • 1.82 5.40 180.8 186.2 194.4 1.707
4. 3.11 9.22 174.8 184.0 197.7 2.942
5* 3.94 11.53 170.0 
»■.■■■. .. .
181.5 198.5 3.734
Equivalent weight 217*4.
Column headings as on page 53.
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TABLE 5
% cross-linked Potassium-resin and
No. Mi NEL
3 H2°
¥ V ! [M]
1. - - 164.5. 164.5 165.0
i
j
|
2. 0.90 2.19 159.9 162.1 165.7 | 0.794
3. 1.83 4.53 154.5 159.0 165.9 | 1.674
i
4. 3.12 7.16 147.4 154.6 165.3 1 2.723
5 3.96
-
9.17 143.9 153.1 166.6 3.525
i!
j---- .
Equivalent weight 230.8.
Column headings as on page 58.
64 -
TABLE 6
cross-linked Ethanolammonium-resin and
system
No. [M] Ea h 2o 
“ — !— —
W [M] [M] calc.
1. 0.7005 3.087 154. 2 157.29 0.322 0,5142
2. 1.695 7.595 149.8 157.39 0.791 1.332
3. 2.617 10.87 145. C 155.87 1.144 2.194
. . 
4* 3.709 15.52 140.5 156.02 1.614 3.378
Equivalent weight 252.3
Column headings as on page 58.
% cross-linked Lithium-resin and
aqueous ethanolamine system
[n o .
j
r
11.
1 2#
! 3- 
i 4.
i
: 5.
Equivalent weight 203.3
[Ml calc.
-
-
211.3 211.3
0.925
\
i 11.58 201.0 211.58 0.897 0.6905
1.902 ; 24.27 186.7 210.97 1.886 1.516
2.844 I 34.17 178.1 212.27 2.639 2.424
4.069 49.05
!
164.1 213.15 3.771 3.815
Column headings as on page58.
TABLE 8
&fo cross-linked Sodium-resir end
ethanolamine system
No. [M] Ea h 2° W [I] [M] calc.
1. _ _ 192.2 192.2 — —
2. 0.942 6.57 184*3 190.87 0.564 0.704
3* 1.920 15^29 173.0 188.29 1.330 1.532
4. 2.870 22.78 161.8 184.58 2.023 2.452
5. 4.11 32.70 149.3 182.00 2.945 3.865
Equivalent weight 217.4
Column headings as on page 58.
3% cross-linked Potassium-rasin and
aqueous ethanolamine system
No. [M] Ea |
ii
E 20 W [M] [M] calc.
1. -
\
- i\ 164.5 164.5 - -
2. 0.941 5.34 | 160.4 163.74 0.328 0.704
3." 1.916 13.42 ji 145.9
159.32 1.381 1.532
4. 2.87b 18.07 !
i
136.4 154.47 1.917 2.452
5« 4.109 26.36 j 122.3 149.06 2.920
.
3.865
:
Equivalent weight 230,8
Column headings as on page 58.
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CHAPTER IV
TRANSITION METAL ION. RESINS
- 71 -
In this chapter the formation of ammine, ethylenediamine, propylene- 
diamine and ethanolamine complexes by some transition metal ions on the resins, 
have been described* The formation curves for these metal ammine and the metal 
amine complexes have been constructed and the stability constants derived by ’the 
Bjerrum*s half-step method (5); those of manganese (il), chromium (ill), and 
iron (ill) are here determined for the first time.
The new K values derived for systems that have not been studied in water 
must be regarded as approximate, although of the correct order of magnitude and 
qualitatively useful.
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IV A. SILVER FORM RESINS;
For the 8$ and 12$ cross-linked resins , the results are given in 
Tables 10 and 11. In Fig. 5 the number of grams of ammonia absorbed by one 
equivalent of resin are plotted against the equilibrium concentration of 
ammonia in the outer solution. The plot of ammonia absorbed is linear for 
both the 8$ and 12$ cross-linked resin and both the lines extrapolate to a 
limiting value of 33.5 gms, of ammonia absorbed per equivalent. The most 
striking feature is the very direct demonstration by these measurements of 
the formation of diamminesilver ion, Ag(NH^)2+, which is very stable in the 
resin, as it is in an ordinary aqueous solution. The small discrepancy 
between 33.5 and the theoretical value of 34*0, for the diammine, draws 
attention to a possible source of error in all these measurements, namely, 
the possibility of exchange between the cation of the resin and ammonium ion 
from the solution. The concentration of the latter, as calculated from the 
known basic dissociation constant of ammonia (1.8 x 10 never reached 0.01 F 
even in the most concentrated ammonia solution used, and it is thought that 
cation exchange could not have caused significant errors in the results for 
the alkali-metal resins where the ammonia absorption differs little from 
that of the ammonium resin itself. Nevertheless, in the silver resin 
experiments the silver ion could be qualitatively detected in the outer 
solution, although quantitative estimations failed to give consistent results*, 
and cation exchange probably accounts, therefore, for the slightly low 
results.
i
I
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The absorption of ammonia by &fo cross-linked, silver resin from dilute 
ammonia solution was studied* For these measurements a complete swelling 
analysis was unnecessary, since the earlier results had shown that swelling 
alone would not produce significant changes in the composition of the outer 
solution. Various weights of air-dried silver resin were therefore brought 
to equilibrium with 100 ml. (200 ml* for the most dilute solution) of dilute 
ammonia solution, and the uptake of ammonia was calculated from the original 
and the final concentrations of the solution. The results are shown in 
Table 10 along with those for more concentrated ammonia solutions.
It might appear from these figures that the silver diammine complex 
is appreciably dissociated at these low ammonia concentrations; however, 
exchange with the ammonium ion is much mere important in these than in the 
earlier experiments because greater volumes of solutions were used, and 
the ammonia is relatively more highly dissociated at these dilutions. A 
correction for exchange was calculated as follows.
A preliminary determination showed the selectivity coefficient
[Ag(NH3)2+] [KH4+]
i ■ 11 ■■ _ 3*0 • • * • • • • • • • # • • • •  (37)
[HH4+] [Ag(NH3)2+]
the barred symbols referring to the tesin phase. Let n be the milliequi- 
valents of silver resin originally taken, and x be the milliequivalents 
exchanged for ammonium ion. Therefore,
i
i
I
i
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[Ag(HH )2+]
 ;---   =    (38)
— —  jr
[k h4+]
ar.& [Ag(lJH )| ] = |     (39)
where V is the volume (ml.) of equilibrium solution.
The concentration of ammonium ion in the solution can be calculated from
the concentration of the ammonia (with allowance for ammine formation) and the 
known dissociation constant* and the selectivity coefficient equation can
thus be solved for x. The true number of moles of ammonia bound by an
. . , ( m  equiv. absorbed - x)
equivalent of silver is now given by -—  — x)'--------- 9 a values
obtained in this way are given in the seventh column of Table 10.
In an ordinary aqueous solution, the known stability constants (8)
indicate that at the two lower ammonia concentrations more than of a
diammine-silver complex will be dissociated to the monoammine. When allowance
is made for this fact, the remaining discrepancy may be no greatei than the
experimental error.
The total volume of solvent absorbed by both &fo and 12fo cross-linked
silver resin is higher than the volume of water absorbed from pure water,
A number of factors may contribute to this, but it is interesting to notice
that several writers have given evidence that the silver-form of the resin
is not fully dissociated. If on adding ammonia +he formation of a very
stable diammine leads to the dissociation of the ion-pairs or complexes
formerly present, an increase in the osmotic activity, and the degree of 
swelling, of the resin would be explained. The stability of diammine silver 
complex on the resin and the affinity for ammonia by the silver resin was 
shown in another way. An 8 cm. glass column was filled with 5 gms. of the 
air-dried, 8$ cross-linked silver resin* A 0.008 N ammonia solution was 
allowed to pass through this at a rate of 4C drops per minute. Ammonia 
could not be detected by Nessler’s reagent in the first 1500 ml. of effluent.
i '
At this stage, when the column was 8Jfo exhausted, ammonia appeared in the
-4 I
effluent at a concentration of approximately 3 x 10 M. But this premature ;
break-through was undoubtedly due to channelling which was clearly seen from
the darker colour of the resin. I
The silverdiammine ion is very stable on the resin and so if the j
ammonia absorbed in excess of 34*0 gms. is regarded as forming part of the 
swelling solvent, the distribution coefficients of ammonia between the silver­
diammine resin and water are 0.361, 0.762, 0.797 and 0.941 for the 8$ cross- j  j
linked silver resin and 0, 0.52, 0.74, and 0,80 for the 12$ cross-linked N
silver resin for the last four concentrations of ammonia solutions given j j
in Tables 10 and 11 respectively. So the silver ion is reluctant to form i
triammine complex.
When the silver resin was kept in an aqueous ethanolamine solution,the 
resin beads and the glass container were coated with a silver mirror. The j
silver form resin is therefore reduced by ethanolamine, and ro further j:
experiments with this system were undertaken. j
The uptake of ammonia by copper form resin is shown in Table 123 
The points fall on a good straight line when the amount of ammonia absorbed 
by one g-equivalent of resin is plotted against the equilibrium concentration 
of ammonia and the extrapolated value for M = 0 is 34®0 gms. as shown in 
Fig. 5* So the copper (il) resin forms a very stable tetrammine on the
resin. The slope of the line is steeper than those for the alkali metal
resins. If the ammonia absorbed in excess of 34*0 is regarded as forming
part of the swelling solvent, the distribution coefficient of ammonia between 
the cuprammine resin and wrater are: 1.55, 1.68, 1.66 and 1.72 respectively, 
for the four concentrations shown in the Table 12* The values are much 
higher than the distribution coefficients of the univalent cation resins, 
and tend to rise with increasing concentration. They are consistent, 
therefore, with Bjerrum’s finding (8) that copper has a feeble tendency to 
form a higher ammine.
In contrast to the silver-system, the swelling of the ammine is less 
than that of the hydrated copper form. The larger ionic radius of the 
ammine would contribute to this effect, though other factors may also in­
fluence the swelling.
When copper-resin was equilibrated with ammonia solution, it was 
observed that a small amount of copper was released from the resin and 
appeared in the outer solution. But on passing this solution again and 
again over the resin, it was reabsorbed. An explanation of this behaviour,
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and some information about the nature of the copper complex released is 
given in chapter 5*
The sorptions of ethylenediamiue and water by 4*5$ and 8$ cross-linked 
resins are given in Tables 13 and 14 and shown in Fig. 6. The 4*5$ cross- 
linked resin absorbed more total solvent than the 8$ cross-linked resin as 
might be expected. Both the resins take up nearly equal amounts of 
ethylenediamine but the 4*5$ cross-linked resir. took more water than the 
8$ cross-linked resin. The total volume of the solvent taken up by the 8$ 
cross-linked resin from aqueous ethylenediamine solution is higher than that 
from aqueous ammonia solution. This may be due to the larger partial molar 
volume of ethylenediamine compared with ammonia.
The free ethylenediamine taker, up by the resin in excess of the 
complexed ethylenediamine, is calculated by using equation 30 of chapterH. 
The number of moles of ethylenediamine attached to the metal ion on the resin 
is plotted against the concentration (log. molalities) of ethylenediamine in 
the equilibrium solution. These formation curves are shown in Fig. 7* For
the 4*5$ cross-linked resin there seems some overcorrection. Both the
curves extrapolate to about 2 moles cf ethylenediamine within experimental 
error.. This indicates that two molecules of ethylenediamine are attached 
to every copper atom and the complex is very stable. It is not possible to
find the values of or from these curves at the concentration range
studied. In the 8$ cross-linked resin there is sufficient room for two 
ethylenediamine molecules but in the highly cross-linked resin some
restrictive effect may be expected.
When the 870 cross-linked resir. was equilibrated with an aqueous solution
■
of ethanolamine, about two thirds of copper released from the resin and gave a 
dark blue colour to the outer solution. The release of this copper must be
duo to the exchange reaction,
. ,  r
R  i  Cu2+ + nEa + H20—  R .... Ea+ + [-^(Ea)*^ + OH] . . . . .  (40)
The concentration of ethanolamine was determined as for ammonia solution.
The capacity of the copper form resin taken for the experiment is known, and
!■ ! ;
the amount of copper released in the outer solution could be determined by 
the thiosulphate method as before. Thus the copper still present on the 
resin and the amount of ethanolamine absorbed by the resin could be determined.,
Mi ■
The results are given in Table 15* These figures are not corrected for the 
free ethanolamine taken up by the resin in excess of that complexed with the 
copper present on the resin. But it is apparent from these figures that
four molecules of ethanolamine are firmly complexed to the resin; the 
additional ethanolamine absorbed is comparable with the extra ammonia absorbed 
at corresponding concentrations of ammonia solution, may exist as free ethanol-j 
amine in the swelling liquid or may be partly complexed (as with ammonia) to 
form an unstable CuEa._ complex. In any case it is clear that ethanolamine 
is not behaving (as some authors have suggested) as a bidentate ligand, |
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IV C. NICKEL FORM RESIN
The nickel ammine comp3.exes are less stable than those of copper, and 
it was thought of interest to study both dilute ammonia solutions and a resin 
of high cross-linking. The results are given in Tables 16 and 17, for the 
8$ and 20$ cross-linked nickel resins.
Curve 1 in Fig. 8 shows the amount of ammonia absorbed by Qfo cross- 
linked resin. The formation of nieke1-ammine complex is not complete at the 
concentrations studied. The volume of total solvent absorbed from an aqueous 
ammonia solution is less than that of water absorbed from pure water. Hence 
the swelling pressure increases when p\ire water is substituted for the aqueous 
ammonia solution. The amount of water absorbed by this resin from the aqueous 
ammonia solution is also smaller compared to copper and alkali metal form 
resins.
Curve 2 shows the amourt of ammonia absorbed by 20$ cross-linked resinc 
Here the ammonia absorption is markedly less. Curve 3 shows the absorption 
of water by the 20$ cross-linked nickel resin on the same scale. The swellirg 
power is very much less for this 20$ cross-linked resin and it is seen that 
the absorption of water exceeds that of ammonia only below 0.6 N ammonia 
solution. The total swelling is approximately constant which may suggest 
that for this highly cross-linked resin there is no room for 'free water‘d 
i,eOJ above the water of hydration and the water molecules are attached 
symmetrically to the resin and are replaced by ammonia molecules in the same 
position without affecting the symmetry.
J. Bjerrum (Ref. 8, page 49) has given the successive stability
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constants K.. to Zc (log K, = 2.80, log K = 2.24? log K -  1.73, log K =
J. O I d J 4
1.19, log K,_ = 0.75 and log Kg = 0.03) for nickel-ammine formation in 2 N 
ammonium nitrate solution at 30°C. He has also given the values extrapolated 
to zero ionic strength where log K for each step is approximately 0.12 units 
smaller than the corresponding values at I = 2. The results for the nickel 
resin are not strictly comparable with those of Bjerrum's, partly because 
of the difference in temperature and partly because of the difference in 
ionic strength. For the 8$ cross-linked nickel resin, 1 equivalent is 
contained in approximately 150 ml., or 1 mole in 300 ml.; i.e. the inner 
solution is approximately 3*3 molar. If the resin interior is regarded as 
a 2:1 valent electrolyte (HiR^) dissolved in the swelling liquid, the ionic 
strength is approximately 10.
The results given in Tables 16 and 17 include not only bound ammonia, 
but also the free ammonia present in the swelling liquid. The amount of 
free ammonia in the resin was calculated by using equation 27 for the 8$ 
cross-linked resin and equation 28 for the 20$ cross-linked resin. Hence 
the average number of moles of ammonia bound per nickel atom calculated.
The concentration of ammonia is converted from moles per Kg. solution 
to moles per litre of solution. The formation curves 1 and 2 in Fig. 9 
are then constructed for the 8$ and 20$ cross-linked resins respectively 
by plotting ncorr against log [M^]. The stability constants can now be 
calculated by using Bjerrum's half-step method. Hence,
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for the &fo cross-linked nickel resin,
log = 1.66; log = 1.10; log KP = 0.46 and leg = -0.40 
and for the 20% cross-linked nickel resin,
log K = 1.43; log K. = 0.82; log K_ = 0.14 and log SL =-0.80 
3 4 3 o
Curve 3 is constructed from Bjerrumls constants given above. The Bjerrum’s 
formation curve is slightly above the resin ones. If the correction applied 
for the strain energy term is adequate, the remaining differences between the 
results (Bjerrum's) for aqueous solutions, for Qfo resin and 20fo resin may be 
due to the other uncertainties already noted in Chapter II. For instance, 
to quote an extreme case, in the 20^ resin in the most concentrated solution 
studied, there is one mole of nickel salt in 52.2 gms. water. The "inner 
solution" in the resin therefore is aDout 20 molal, and to neglect activity 
corrections at such concentrations is inevitable but obviously unjustifiable; 
the species present, in fact, may well be different from those in a more 
normal aqueous solution; e.g., in place of, say, the reaction
[Hi(HH_).(H„0)„]2+ + NH_— i[Ki(HH_),.Ho0]2+ + H.O .  .......... (41)
3 4 2 2 3“ 3 3 2 2
one may now be dealing with non-hydrated ions*
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IV D. COBALT (II) FORM RFCTI
The uptake of ammonia and water by the Qf° cross-linked cobalt-resin 
from aqueous ammonia solution is given in Table 18 and curve 4 in Fig. 5 
shows the amount of .ammonia absorbed per equivalent of this resin from the 
equilibrium solution. From the shape of the curve it is evident that first 
four ammonia molecules are attached very tightly to the cobalt atom but the 
fifth and sixth ammonia molecules can be taken up by the cobalt-form resin 
only when the concentration of ammonia solution is very high.
When the ammonia solution is replaced by water, the 8fo cross-linked 
coba'lt-resin swells more. Thus cobalt resin resembles the copper and 
nickle resins, already discussed.
Curve 1 in Fig. 10 is constructed by plotting n corrected, the average 
number of molecules of ammonia taken up per atom of metal, against log [UH^]. 
From this curve the values of the stability constants of the cobalt ammines 
are found by Bjerrum’s half-step method. Hence,
log K_ = 1.25 log jL = -0.10
3 3
log K^ = 0.54 log Kg = -0,65 (extrapolated)
The first two constants must be very high and cannot be obtained at the 
concentration range studied.
J. Bjerrum has given the following values of stability constants of 
cobalt (II) ammines (8).
log K^  =2.11 log K^ = 1.05 log Kpj = 0,18
log K2 = 1.63 log K4 = 0.76 log Kg = -0.62
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Bjerrum quoted these valuer for 2 IT NH.NO-, If this resin salt is considered
4 3
to be a 2:1 valent salt, the concentration of the resin solution will be 
approximately 3 molar and hence its ionic strength will bec^9. The values 
found above are therefore true for a higher ionic strengtn than that used by 
Bjerrum,
The uptake of ethylenediamine and water by the 8°/q cross-linked cobalt-
resin is given in Table 19- Curve 2 in Fig, 6 represents the amount of
ethylenediamine absorbed per equivalent of resin from the equilibrium
ethylenediamine solution. It is apparent that the cobalt-form resin takes
more than two ethylenediamine molecules very easily per atom of cobalt but
experiences some difficulty in accommodating the third molecule, V is
slightly higher in this case than with aqueous ammonia solution. Hence the
resin swells more in aqueous ethylenediamine solution than in aqueous ammonia
solution. This effect may be due to the larger partial molar volume of
ethylenediamine than that of ammonia.
The free ethylenediamine taken up by the resin in excess of that
complexed with the resin was calculated,*and the formation curve 2 in Fig. 7*
constructed by plotting n against log [en]. The formation curve is so
corr«
flat that K_ cannot be derived with accuracy - a very small error in the 
3
correction for free en would take the whole line through the 2.5 reading.
The best line through the experimental points would give log 3^- 1.2.
Bjerrum (8) quotes the value 3.1. A possible explanation of low values of 
n would be that some resin sites are not accessible when most of the resin 
is in the [Coen_]2+ - form (mol, volume )> 200 ml.). This effect is clearly
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seen with propylenediamine below.
The amount of propylenediamine and water absorbed by the 8 cross- 
linked cobalt-resin from aqueous propylenediamine solution is given in 
Table 20 and is shown in Fig. 11. Here the effect of large size is quite 
clearly seen. The larger propylenediamine molecules experience some 
difficulty in accommodating themselves in the resin, and complex formation is 
not complete.
The formation curve is obtained by plotting B-oorr against log [pn] 
and shown in Fig. 12. At higher concentrations there seems slight over 
corrections. It is not possible to derive the stability constants from 
the formation curve as the straight line runs parallel to the abscissa.
The zinc-pn formation curve is similar to this cobalt-pn curve but the 
former lies slightly above. This is presumably due to the swelling effect. 
The zinc-form resin swells slightly more in water and in aqueous propylene­
diamine solution than the corresponding cobalt-form and hence can accommodate 
more propylenediamine molecules which otherwise experience a restrictive 
effect due to Their large size.
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IV E, MANG-ANESE(II) FORM RESIN
The uptake of ammonia and water by the cross-linked manganese-resin 
from aqueous ammonia solution is given in Table 21 and shown in Fig.8.
The variations of volume of total solvent appear to be random ones.
A formation curve is now drawn: ncorrected a&aans 1^ l°g[NH^] as
shown in Fig.10, and according to Bjerrum’s half-step method, the values 
of various K ’s are given by log = -log [NHy at n = n - 
Hence,
log = 1.48 log =s 0.13 log ss -0.67 (extrapolated)
log K2 = 0.74 log = -0.33 log = -0.95 (extrapolated)
The stability constants of manganese ammines are not available in 
the literature, as precipitation would occur in aqueous system, so it is 
not possible to compare these values with others; but the values obtained 
here do suggest that the manganese ammines are weak.
According to Irving and Williams (29) the stability for the complexes 
of almost all ligands varies in the same way
Mn2+--C Fe2+-r~ Co2+-r"" Ni2+^'* Cu2"*' : >  Zn2+
The values found here for the stability constants of manganese are much
2 . 04. 2+
lower than those for Co ; Ni ; Cu , etc. A comparison is also possible 
between the value log (3. = 2.02, obtained from the above K values, and the
*7"
figure log = 3.7 reported (8) for the ferrous ammines. This again 
confirms with the Irving-Williams rule.
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IV F. ZINC (II) FORM REST.;
The uptake of propylenediamine and water by the Q fo zinc-resin from 
an aqueous propylenediamine solution is given in Table 22 and shown in Fig.11. 
Here again it must be assumed that the variations of volume of total solvent 
are random ones. This zinc-resin absorbed more propylenediamine than the 
cobalt form. The zinc form resin swells slightly more than the corres­
ponding cobalt form resin in water and in an aqueous solution of 
propylenediamine.
Curve II of Fig.12 is the formation curve constructed by plotting
ncorrected a^a^ns^ ^  seems likely that at higher concentrations
there may be some overcorrection. The complex formation is not complete.
It is likely that,due to its large size, the pn molecule may experience some
restriction from entering the resin phase. This ’restrictive effect* 
appears to be less in this case than with the cobalt-resin, which swells 
less than the zinc-resin, since otherwise the formation curve for cobalt-pn 
complexes would be expected to be above that of zino-pn complexes in accord­
ance with the Irving-Williams order. It is not possible to calculate 
the stability constants of these complexes from the formation curve as 
the straight line that is obtained runs parallel to the abscissa, but the 
stability constants must be high.
The uptake of ammonia and water hy the 8% cross-linked chromium(lll)
■ /
resin is given in Table 23 and shown in Fig.13# The total volume of 
ammonia and water absorbed from aqueous ammonia solution by this resin is 
equal to the volume of water taken up from water alone. There v^ as no 
precipitation of hyciroxide on the resin and so it is possible to construct 
the formation curve and calculate the stability constants of these ammine 
complexes. The free ammonia taken up by the resin in excess of that used 
in complex ammine formation can be approximately calculated by the equation 
developed in Chapter II, and hence the number of ammine ligar.ds bound to 
the metal atom can be found. This corrected n is plotted against log^ 
of the concentration (moles/litre) of ammonia in the equilibrium solution 
as it is logical to assume that the complex on the resin is in equilibrium 
with the outer solution. At higher concentrations there may be a slight 
over-correction. From the formation curve, the stability constants can 
be calculated by Bjerrum1s half-step method. So, from Fig.15 :
log - 0.35, log K,. = -0.32, and log Kg =■ -0.62 (by extrapolation) 
From the formation curve it is evident that will be very high
and cannot be calculated from this curve. The stability c onstants are not 
sufficiently separated and so the values obtained are only approximate, 
and true for room temperature (about 20°C). If this resin salt is 
considered as 3 : 1 valent electrolyte, the ionic strength would be 
approximately 7*
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4*5% cross-linked, chromium(lll) resin takes up more water than &fo 
cross-linked resin as expected. Data for the density of aqueous ethylene­
diamine solutions are not available in the literature, so the density of 
pure ethylenediamine was used for its partial molar volume calculation.
The uptake of ethylenediamine and water from aqueous solution by 4.5% and 
8% cross-linked chromium resins are given in Tables 24 and 25 respectively 
and shown in Fig. 14. The total volume of the solvent taken up by 4.5$ 
cross-linked resin is very large compared with 8% cross-linked resin. The 
total volume of ethylenediamine and water taken up by 8$ cross-linked resin 
is more than the total volume of ammonia and water taken up from their 
aqueous solutions. This may be due to the fact that the partial molar 
volume of ethylenediamine is higher than that of ammonia.
As before, the amount of free ethylenediamine absorbed by the resin 
in excess of that complexed with chromium can be calculated by the formula 
given in Chapter II. Here again this ”strain-energy term" may be approxi­
mate. The formation curves for both 4.5% and 8% cross-linked resins are 
shown in Fig.l£. The curve for dfo cross-linked resin is cion© to that of the 
4.5% cross-linked re3in but the correction is not sufficient to bring them 
together; it again looks likely that the deduction for free ethylenediamine 
is somewhat too great at the higher concentrations; the distribution co­
efficients of ethylenediamine betw een water and "strain-free" resin is very 
likely less than one.
Again, using the Bjerrum*s half-step method,
log = 1.44 (For the 4.5!$ cross-linked resin)
and log = 0.60 (For rhe 8 fo  cross-linked resin).
_  -13+
As the [Cren^J ion has a molar volume of 200 ml. or more, the smaller 
K, for the 8% cross-linked resin is not surprising (i.e. the conditions 
in the resin will affect the equilibrium).
From the formation curves it is evident that the first two constants 
are very high and cannot be determined from these curves.
The uptake of propylenediamine and water from aqueous propylene­
diamine solution by the 8% cross-linked chromium(lll) resin is given in 
Table 26 and shown in Fig.Hi The total volume of propylenediamine and 
water taken up by this resin is slightly higher than the total volume of 
ethylenediamine and water from their respective aqueous solutions. This is 
reasonable as the partial molar volume of propylenediamine is higher than 
that of ethylenediamine. So the swelling of 8% cross-linked chromium(lll) 
resin, in the solvents studied, is in the following order :
pn /  en y  HgO.
The formation curve is given in Fig.17* Here the large volume 
effect is apparent. The 8% cross-linked resin has not sufficient room to 
accommodate three propylenediamine molecules and hence complex formation is 
incomplete. There may be slight over-correction also. As a straight line 
is obtained, it is not possible to calculate the stability constants, but 
the complexes appear to be highly stable*
IV H. FERRIC IRON FORM RESIN
The uptake of-ammonia and water by B% cross-linked ferric iron form 
resin from aqueous ammonia solution is g^von in Table 27 and shown in Fig.13*  
The resin swells slightly more 3n the aqueous ammonia solution than in water 
alone. The free ammonia taken up by the resin in excess of that complexed 
with the metal ion, can be calculated as before by using the equation given 
in Chapter II, and hence the true amount of ammonia bound to the ferric ion. 
The formation curve is constructed from this and is shown in Fig,15. From 
the formation curve it is evident that complex formation is not complete and 
that the last two water molecules are not replaced easily by ammonia ligands. 
From the formation curve the stability constants calculated by the Bjerrum-s 
half-step method
log K. = 0.15j log K = -0.65 (by extrapolation)
' D
The curve suggests that the first three ammonias are bound very 
stably, but is comparable with the value found for Co^‘ (log = 0.54-);
2 j „
Kj. is approximately equal to that for Mn (log K,- = -0.67), and the sixth 
ammonia seems very unstable.
The very wide spread in K values may Le due to the fact that there 
must undoubtedly be some hydrolysis in the iron resin. The effect of this 
will be that the last ammonias are not displacing 'water from the complex, 
but are competing with the much more strongly bound OH groups, 
e.g., [Co(MH ) k  (H20)2]2+ NK3 [CoOffl^ H20]2+ + . . . .  (h 2 )
is being compared, perhaps, with
0(NH,)4 (0H)2]+ + HHj “ i [Fe(NH ) 0H]2+ + Off . . . . . . .  (4-3)
for which the K would certainly be very mucn smaller.
The uptake of ethylenediamine and water from aqueous ethylenediamine 
solution by the 8% cross-linked ferric iron resin is given in Table 28 and 
shown in Fig.14. The resin swells more in the aqueous ethylenediamine 
solution compared with the swelling in aqueous ammonia solution. This 
may be due to the fact that the partial molar volume of ethylenediamine is 
higher than that of ammonia.
The free ethylenediamine is calculated as before and the true amount 
of ethylenediamine complexed with ferric ion is determined. This is plotted 
against the concentration of ethylenediamine (log molalities) in the outer 
solution and is shown in Fig.l6. From this formation curve it is evident 
that at higher concentrations there may be slight over correction. From 
the curve, by the Bejerrun^s half-step method, 
log = 1.02.
It is evident from the shape of the curve that the first two stability 
constants are very high.
The sorption of propylenediamine and water from aqueous propylene­
diamine solution is given in Table 29 and shown in Fig. 11. The total 
volume of propylenediamine and water taken from the aqueous propylenediamine 
solution by the resin is higher than the total volume of ethylenediamine
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and water taken from the aqueous ethylenediamine. Here again the partial 
molar volume of propylenediamine is higher than that of ethylenediamine.
So the Qfo cross-linked ferric resin swells in the aqueous solutions as 
pn en NH_, H^O
which is true for the 8ft> cross-linked chromium(lll) resin also.
The formation curve is given in Pig,17• From the shape of the 
curve it is e/ident that these propylenediamine complexes are far more 
stable than those of ethylenediamine, and it is not possible to calculate 
Kp  K^, K j at this concentration range.
The formation curve of the ferric ammines lies below that of 
chromic amines which indicates that the ferric ammines are less stable than 
the chromic ammines. But the formation curves of ferric ethylenediamine 
and propylenediamine complexes lie above those of the respective chromium 
amine complexes, showing that these ferric amine complexes are far more 
stable than those of chromium. Sidgwick (ref. 52A, Vol.II, page 13&1) 
has commented that ’’The ferric ammines are less stable than the ferrous 
which is most unusual. The affinity of ferric iron for nitrogen is very 
small. The ferric complexes of organic amines, especially pyridene and 
quinoline, are more stable than those of ammonia, and unlike the latter are 
stable to water”.
The explanation of the apparent higher stability as observed here for 
the ferric amines as compared to the corresponding chromic amines is given 
in Chapter VI.
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TABLE 10
% cross-linked Silver-resin and ac ammonia system
No, [M] NH H2° . ¥
| i
V Calculated |
a  .
1. 0.0115 30.96 - « -
-1 " 1 j
1.91
2. 0.0138 31*98 - - - 1.95
3* 0.0237 32.45 - - - 1.99
4. 0.0292 32.52 - - - 2.00
5. 0.47 34.43 148.7 183.1 233*0 • -
6. 1.38 36.71 148.9 185.6 238.7
7* 2.75 39.31 137.2 176.5 233.3 -
8. 5 .5 1 42.08 133.4 175.5 236.3 -
9.
t-.. ...
- 165.5 165.5 166.0 -
Equivalent weight 307*2
Column headings as on page 58*
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TABLE 11
12% cross-linked Silver-resii
No. ! [M] NH_
5
1.
j
| 0
{
0
2.
{
1 0.46
j
34.01
3. ; i.43 35.19
4. j 2.67 37.05
3. j 3.60
j
38.45
Equivalent wei
and aqueous ammonia system
h 2° W V
113.6 113.6 114.0
93.7 127.7 142.7
92.0 127.2 142.7
88.4 125.5 141.8
87.1 125.6 142.4
310,3
Column headings as on page 58,
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TABLE 12
cross-linked Copper-resin and aqueous ammonia system
No. [M] NK,
D H2°
W V
1. 0 0 194.5 194.5 195.0
2. 0.571 35.62 106.4 142.0 157.7
3. 1.442 38.39 102.1 140.5 157.4-
4. 2.722 42.11 97.6 139.7 158.3
5. 3.559 44.90 93.7 138.6 158.3
Equivalent ?*eight 237.0
Column headings as on page 58.
% cross-linked Copper resin and aqueous ethylenediamine system
No. [M] h 2° w v
free
•
Corrected log[en]
en [en] n
1. — - 298.8 298.8 299.5
■
- -
2. 0.0146 58.02 (140.9) - - 0.002 1.93 2.1637
3. 0.054 58.33 (140.5) - - 0.008 1.93 2.7338
4. 0.175 60.10 (138,5) - - 0.024 1.96 1.2470
5. 0.364 60.32 137.6 197.9 205.1 0.052 1.91 1.5709
6, 0.895 63.30 134.3 197.6 205.1 0.127 1.86 1.9759
7. 1.444 67.52 130.0 197.5 205.5 0.201 1.85 0.1990
8. 1.914 70.60 127.2 197.8 206.2 0.276 1.80 0.3351
Mean —
!
■-* 205.5 1
'
Equivalent weight 228,7
Column headings as on page 58.
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TABLS 14
Qfo cross-iinked Copper resin and aqueous eth:/lenediamine system
'
No. [M] en H2°
¥ V free
[S]
Corrected
n log [en]
~ - 194.5 194.5 194.5 - -
_ _  j
2* . 0.0130 59.68 (106.1) 0.001 1.99 2.1765
3* 0.0545 59.69 (106.1) 0.004 1.98 2.7378
4. 0.1763 59.78 (106.0) -
•
0.013 1.97 1.2509
p ✓ • 0.3701 60.60 103.0 I63.6 170.8 0.026 1.97 1.5807
6. 0.893
.
64.36 102.2 166.6 174.2 0.064 2.02 1.9748
7* 1.447 65.67 100.0 165.7 173.5 0.106 1.98 0.2000
8. 1*915 67.65 96.15 I63.8
Mean —
171.8 
-) 172.6
0.139 1.98
_ _ _ _
0.3352
Equivalent weight 237*0 
Column headings as on page58.
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TABLE 15
Copperb croso- l; resm an
aqueous
No. [M] Ea 1f
H2°
¥
. . .  ......
1
!
1
i 194.5 194.5
2. 0.805 124.3 i
f
131.1 255.4
3. 1.791 135.7
i
116.8 272.5
Z{-# 2.747 170.7 ; 110.2 280.2
5. 3.973 181.1 j
|
101.6 282.7
Equivalent weight 237*0
Column headings as on page 58.
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table 16
ream and aqueousb cross-Jinxe
ammonia system
No. [M] NH_
5 H2°
w V free
[iC]
corrected
:
s
log[NH-
1. 0 0 180.6 180.6 181.1 -
2. 0.0218 21.33 (124.4) - - - 2.50 2.3365
3* 0.0303 27.14 (116.2) - - 0.01 3.16 2.6998
if* 0.1if8 34*16 (106.3) - - 0.02 3.98 1.1687
5* 0.516 40.42 93.1 133.5 151.3 0.05 4*66 1.7101
6. 1.356 45.64 88.1 133.7 153.7 0.12 5.12 0.1265
7. 2.625 50.28 83.4 133.7 155.7 0.22 5.46 0.4096
8. 3.466 52.53
■
80.1
'
132.6
Mean -
155.6
>154.1
0.28 5.60 0.5279
Equivalent weight 239*2
Column headings as on page 58*
aqueous ammonia system
No. [M] NH_
3 H2°
W V free
[NKp
corrected
n
log[NH ]
_
1. 0 0 88.8 88.8 89.1 - - -
2. 0.0241 18.32 (67.80) - - 0.001 2.15 2.3806
3. 0.0561 24.01 (59.48) - - 0.003 2.82 2.7475
4. 0.155 29.69 (51.47) - - 0.008 3.47 1.1886
3. 0.341 34.43 (44.6o) - - 0.016 4.02 1.5304
6. 0.513 36.51 40.3 76.8 92.7 0.016 4.26 1.7072
7. 1.396 41.22 34.6 75.8 93.8 0.039 4.77 0.1392 1i
8. 2.660 44.72 29.7 74.4 93.9 0.064 5.13 0.4152 !
9. 3.488 47.76 26.1 73.1
Mean—
94.6 
U  93.75
0.075 5.46 0.5304 I
!
Equivalent weight 247.0
Column headings as on page $8
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TABLE 18
Cobaltfll) resin and 
.ia system
No, [M] . n h t
J H2°
W V
free
[ m 3 l
corrected
5
log[NHj |
*  »
*
1. - - 192.40 192.40 192.9 -
i
2. 0.0309 18.79 (138.6) - - 0.004 2.2 2.4882 '
3* 0.0642 22.28 (133,5) - - 0.008 2.6 2.8053 !1
4-* 0.165 30.48 (121.8) - - 0.019 3.55 1.2159 ;
5* 0.588 34*26 117*20 151.46 166,4 o. 066 3.90 1.7665 j1
6. 1.401 41.80 104.80 146.60 165.0 0.14 4.64
>
0.1409 i
7. 2.656 47*46 95*76 143.22 164.0 0.25 5.08 0.4147
8. 3*498 50.16
-
93*44 143.60 
Mean —
165.6
9165.3
0.33 5.24
■
0.5318
Equivalent weight 233*7
Column headings as on page 58*
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TABLE 19
% oross-linked Cobalt(ll) resin and aqueous 
ethylenediamine system
No, [M] ,
.
■
'en
.
H2° w V
free
[en]
corrected
n
log[en]
1. -
1 " 1 lAiwuu.wuiJJir ti.au »nr
192.4 192.4 193.0 - - -
2. 0.0112 65.85 (105.5) - - - 2.20 2.0521
3* 0.0468 73*30 (97.2) - - 0.003 2.44 26715
4. 0.1660 77.85 (92.1) - 0.011 2.57 1.22L6
5* 0.3086 77.04 88.8 165.8 174.8 0.019 2.53 1.4975
6, 0.823 83.46 84*8 168.3 178.0 0.049 2.68 1.9374
7* 1.380 85.56 84.7 170.3 180.3 0.085 2.68 0.1776
8. 1.850 87.98 84.1
■
172.1
Mean —
182.4
*178.6
0.117 2.70 0.3184
Equivalent weight 233*7
Column headings as on page 58 •
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TABLE 20
8^ cross-linked Cobalt(t t ) resin and
.i amine system
No. [M] pn h 2° W v
free
[pa]
corrected
n
log[pn]
1. — — 192.40 192.40 193.00 — —
2. 0.368 68.99 88.84 157.83 167.65 0.019 1.82 1.5780
3. 0.880 70.02 86.74 156.76 166.73 0.047 1.79 1.9738
4. 1.420 70.48 81.63 152.11 162.15 0.075 1.75 0.2004'
-
5. 1.954 67.48 75.64 143.12 152.70 0.100 1.62 0.3587
Mean — >162.33
'
Equivalent weight 234.3
Column headings as on page 53,
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TABLE 21
cross-linked Maneaneset II) resin an
aqueous
No. [M] ■ HE,
J H2°
1. - 195.1
2. 0.0245 5.84 (160.8)
3. 0.0381 7.47 (158.5)
4. 0.0792 10.29 (154.5)
5. 0.1960 14.10 (149.0)
6. 0.4939 19.37 (141.4)
7. 0.791 26.82 130.50
8. 1.215 29.02 129.00
9. 1.762 33.01 119.10
10. 2.224 34.22 117.60
11. 2.776 37.48 114.30
12. 3.262 40.03 115.00
13. 3.658 42.07 108.80
195.1 195.7
157.32 
158.02 
152.11 
151.82 
151.78 
155.03 
150.87 
Mean -
169.4 
171.0
166.7 
167.0
168.3
172.7
169.4 
■k? 169.2
Equivalent weight 230.6 
Column headings as on jjage 58.
free icorrected!
[n h3] n
0.012j
0.0291
!
0.070
0.105
0.160
0.215
0.272
0.333
0.397
0.425!
0.336 
0.430 
1.186 
1.60  
2.14 
2.946
3.09 It
3.45 i 
!
3.4-86
I
3.744 |
i
3.916 i
i
4.10
log[HH,]
2.3881
2.5801
2.8935
1.2915
I .6 9 I8
1.8949
0.0795
0.2388
0.3387
0.4336
0.5023
0.5504
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TABLE 22
% cross-linked Zincf.TT) resin and
system
To. [M] pn
H2°
w V free
tiS]
corrected
n
log[pn]
1. - - 203.55 203.33 204.41 - - -
2. 0.330 85.18 85.37 170.33 182.62 0.017 2.26 1.3289
3. 0.835 89.18 74.86 164.04 176.68 0.039 2.33 1.9495
4. 1.375 89.33 72.89 162.22 174*78 O.O64 2.28 0.1850
5. 1.908 87.32 68.9^ 136.28
Mean —
168.60
--^173.67
0.088 2.18 0.3467
Equivalent weight 233*0
Column headings as on page 58,
-106-
% cross-link ad Chromium ( i n ’) resin
No. [M] NH_
j V |
_______________ _____
W V
free
[IiO
3
corrected
n
!
1. - -
i
205.0 1205.0
\
205.6 - - t i !
;
2. 0.0 69 18.38 (178.51) “* - 0.0117 3.21 2.3387 :
3. 0.187 19.46 (176.96) - - 0.0314 3.34 1.2892 :
. . !
if. 0.492
'
21.08 (174.64)' - “ * 0.082 3.47
.
J
1.6890
5. 0.826 25.49 181.40 206.89 218.42 0.144 4.07 1.9131 1
6. 1.268 26.46 171.50 197.96 209.92 0.211 4.04
!
0.0980 ;
!
7. 1.830 30.08 159.30
'
189.38 202.8 0.285 4.46 0.2537
8. 2.282 31.54 156.80 I88.34 202.41 0.353 4.51
■
0.3497
9. 2.789 35.28 151.50 186.78 202.46
'
0.421
.
4.97
■
0.4336
10. 3.337 35.68 148.30 183.98 199.83 0.498 4.81 0.5118
11. 3.732 38.03
■
142.50 180.531 197.4|
Mean 204.85
i
1
i
. .. 
0.540
’
.
3.09
;
1
!
i
!
i
0.5591
■
Equivalent weight 230.7 
Column headings as on page 58.
-107-
TABLE 24
k-5% cross-linked Chromium(lll) resin and aqueou,
No, | [M] en h 2° w V
free
[en]
corrected
n
log [en]
1.
1 “ -
271.7 271.7 272.3 — —
2.
i
j 0,0205 47.94 (288.1) - - 0.006 2.28 2.3126
3. j 0.0570
1
53.53 (231.9) - - 0.016 2.63 2.7569
4.
1
| 0.1751 59.75 (274.9)
- - 0.049 2.84 1.2463
5. i 0.^56
i
66.08 267.45 333.53 • 341.8 0.097 3.01 1.5604
6. ! 0.882i 74.81 259.15
•
333.96 343.3 0.242 3.02 1.9692
7. : 1.4.38 81.03 249.25 330.28 340.3 0.393 2.37 0.1969
8. ! 1.906
i'
i
i
3 
j
CO 
!  
CO 
j
241.30 329.75
Mean —
340.6
^■341.5
0.521 2.86 0.3329
Equivalent weight 228.0
Column headings as on page 58.
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TABLE 25
% cross-linked Chromium(lll) resin and 
aqueous eth.ylenediamine system
No. [M] en H2°
W V
free
[en]
corrected
n
log[ en]
1.
•
— 204.6 204.6 205-0 — — —
2. 0.025 39.68 (186.8) - - 0.003 1.97 2.3994
3- 0.062 43.16 (182.9) - - 0.008 2.14 2.7988
4. 0.181 48.32 (177.2) - - 0.022 2.35 1.2637
5- 0-391 53.88 172.85 226.73 233-4 0.046 2.56 1.6022
6. 0.915 59.29 164.45 223.74 231.1 0.106 2.65 1.9862
7. 1.465 63.56 158.55 222.11 229.9 0.170 2.66 0.2059
8. 1.943 65.33 156.25 221.58 
Mean —
229.6
->231.0
0.230 2.58 0.3422
Equivalent weight 235-6
Column headings as on page 58.
TABLE 26
8% cross-linked Chromium (ill) resin and aqueous
•pro'pylenediamine system
No. M pn H2° ¥ V
free
r a
corrected
n
log[pn]
1* - - 204.6 204.6 205.1 - - -
2* 0.3823 64.60 166.60 231.20 240.57 0.038 2.5 T.5949
3. 0.839 71.83 160.35 232.18 242.62 0.088 2.64 T.9786
4. 1.428 74.93 153.55 228.48 239«25 0.142 2.61 0.2034
5. 1.952
’ i 
--
79.96 145*20 226.16 
Mean — }
237.75
240.04
0.193 2.66 0.3582
Equivalent weight 235*6
Column headings as on page 58*
TABLE 27
8jo cross-linked Iron (ill) resin and aqueous
ammonia system
No.
i—
i
si—
« MEL .
J H2°
W V
free
[5^]
corrected
n
logbnj
3
1. - 214.0 214.0 214.6 - — -
2. 0.0695 18.18 (195.4) - - 0.01 3.18 2.8414
3. 0.188 18.69 (194.7) - - 0.035 3.20 T.2734
4. 0.494 20.04 (192 c 8) - - 0.09 3.27 T.6920
5. 0.862 23.07 185.6 208.67 219.16 0.154 3.88 T.9321
6. 1.280 25.64 182.50 208.14 219.8 0.226 3.85 0.1021
7. 1.862 27.96 180.70 208.66 221.3 0.33 3.94 0.2627
8. 2.330 30.30 176.05 206.35 216.92 0.405 3.98 0.3530
9. 2.861 32.45 175.80 208.25 222.8 0.50 4.23 0.4464
10. 3.371 34.10 172.10 206.20 221.5 0.58 4.28 0.5162
11. 3.789 35.14
i
169.80 204.94 
Mean— >
220.7
221.5
0.65 4.25 0.5772
Equivalent weight 236.7 
Column headings as on page 58*
TABLE 28
&fo cross-linked Iron (ill) resin and aqueous
ethylenediamine system
No. Cm ] en H2° w
V free
[en]
corrected
n
log[en]
1. - — 214.0 214.0 214.6 - - - -
2. 0,0229 44.21 (189.6) - mk 0.003 2.20 2.3606
5. 0.0604 48.05 (185.3) - - 0.0075 2.38 2.7825
4. 0.1786 54.38 (178.3) - - 0.0214 2.65 7.2566
5. 0.3768 58.39 168.8 227.2 234.3 0.043 2.79 7.5860
6. 0.900 64.89 168.1 233.0 240.8 0.107 2.93 7.9783
7. 1.453 68.08 162.6 230.7 238.8 0.173 2.89 0.2019
8. 1.925
00to,£ 161.5 232.8 
Mean— y
241.42 
238.83
0.235 2.87 0.3577
Equivalent weight 230.0 
Column headings as on page 58,
TABLE 29
8jo cross-linked Iron (ill) xesin and aqueous
propflenediamine system.
No, M pn h 2° ¥ V
free
[f :]
corrected
n
log[pn]
1. ■ - — 214.0 214.0 214.6 - - -
2, 0.363 72.61 159.50 232.11 242.69 0.034 2.34 T.5717
3. 0.867 80.41 155.10 235.51 247.10 0.083 3.00 T.9666
4. 1.405 83.87. 149.60 233.47 245.52 0.135 3.00 O.1952
5. 1.929 89.12 144.20 233.32 246.<0 0.186 3.00 0.3525
Mean — -----------> 246.0 
.......-  ..
Equivalent weight 230 
Column headings as on page 58#
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TABIjE 50
Cross-
linking
Form of resin | Volume 
1 per eau
h 20
>
(ml.) of t 
ivalent of
Aqueous 
NIL soln.
j
otal solven 
resin from
1
Aqueous 
en soln.
t absorbed
Aqueous 
pn soln.
&fo Ammonium 176.4 174.3
i
-
12$ Ammonium 121.8 126.8 - -
&/0 Lithium 211.9 210.9 -
8$ Sodium 192.7 195.7 - -
8$ Potassium ' 165.0 165.9 -
8% Silver 166.0 235.3 - -
12$
■
Silver 114.0 142.4 - -
8$ Nickel 181.1 154.1 - -
20$ Nickel
; 89.1
93.8 - -
8$ Manganese 195.7 169.2 - -
8 $ Copper
j
195.0 157.9 172.6 -
1.5$ Copper | 299.5 - 205.5 -
4.5$ Chromium i1i 272.3
- 341.57 -
8$ Zinc _ 1 203.0 - - 175.67
8$ Cobalt j 193.0 165.3 178.9 162.33
8$
)
Chromium j
i
205.1 204.85 231.0 ! 240.04
.
CO Iron(lll) j 214.6 221.5 238.83 1 
1
246.0
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CHAPTER V
SOLUBLE METAL AMINE HYDROXILES
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When a copper form resin was immersed in an aqueous solution of 
ethanolamine, about two-thirds of copper ion was released to the solution. 
Similarly in aqueous ammonia solution, a small quantity of copper ion was 
released to the solution but readsorbed on passing this solution again and
again on the resin. So it was decided to study the nature of the complexes
formed by other independent, methods, and conductimetric and potentiometric 
measurements were made on this system and, for comparison, on ethylenediamine - 
copper systems, cf
When an amine is added to a copper salt, the pH of the solution is 
increased and so not only ammine complexes but hydroxo - complexes may be 
formed* In addition a quantitative study would have to allow for ion-pairing 
of the copper with the other anion(s) present. In general, the resulting 
solution may contain these ion-pairs and any of the following complexes:
\ 2-f i
; where N represents one mole of a monodentate or \  mole 
of a bidentate ligand, etc,, and n = 0, 1, 2, 3 or 4;
(b) (CuHn ,0H,H20 ^  n^+* w^ere r- = 0, 1, 2 or 3; and
j)°, where n can be 0, 1 or 2 in theory, but where 
perhaps only the species (CuN2(0H)2), if any, will be found to be soluble.
When copper form resin is immersed in an aqueous ethanolamine solution 
the initial system is (Ea = ethanolamine):
Resin Phase Outer Phase
2R Cu2+ Ea, H20, EaH'1'
h2o 0H~
(c) (CuWn,(0H)2, H20(^ n
(a) (CuNn* 2 (4-n
A considerable amount of copper now makes its way into the outer 
solution* The preservation of electroneutrality requires that every equivalen ; 
of copper leaving the resin is replaced by an ethanolammonium group, and is 
associated with an equivalent of hydroxide ion in the euter solution* The 
overall reaction:
Cu2+ + 2 Ea = 2EaH+ + (Cu,20H) * . . . . .  * ............ (44)
therefore occurs, though the nature of the copper complex in the outer
so3.ution remains to be determined. It is soluble and deeply coloured, and
2*4" **might be expected to be (CuEa^) } •••20H~ (a 3trongly alkali) or 
(CuEa^OH)4*.•. 0H~ (a strong monoacid base), or possibly (CuEa^COH)^), a 
weak base, if this is soluble* Of course, the complexing with ethanolamine 
denoted here may not be complete. The release of copper from the resin, ;■
which does not occur, for instance, with ethylenediamine, might be explained 
by a relative weakness of ethanolamine as a complexing agent, which would allow ! 
the hydroxyl ions to compete successfully with it for sites in the co-ordinatioi;
I:
|:
sphere of the copper; compounds such as the last two, mentioned above, could 
then be formed, and the monova3ent (CuEa^OH)* ion would now have to compete 
on equal terms with EaH+, for the resin sites, whilst (CuEagCOH)^)0, being a 
non-electrolyte would not be held and would diffuse out of the resin*
To test this hypothesis conductivity titrations were carried out with 
the copper ethanolamine system, and, for comparison, with the copper- 
ethylenediamine system* The four systems studied were as follows, and the
- 130
results are given in Tables 31-34 and shown in Fig. 18.
A. 10 ml. of 0.05 M CuSO^ solution was taken in the conductivity cell and
was
100 ml. deionised water/added and the conductivity measured. Two ml. 
of 1.115 N ethylenediamine solution were then added, 0.1 m2, at a time 
and the conductivity measured after each addition. Then 10 ml. of 
0.1021 $T sodium hydroxide solution were added and the conductivity 
measured. This solution was now, titrated slowly with 0.5309 N 
hydrochloric acid solution adding 0,1 ml. at a time and the conductivity 
measured. The whole experiment was carried out in a thermostat at 25°C.
B. As in A except that 1 .2 ml. of ethylenediamine solution was added. (The
minimum amount of ethylenediamine required for clear solution).
C. As in A except that 1.4 ml. of ethylenediamine solution was added*
3). 10 ml, of 0,05 M CuSO, solution were mixed with 100 ml, of deionised
4
water in the conductivity cell, ana the conductivity measured. As in 
A above 2.2 ml. of 1.006 M ethanolamine solution were added, at-0.2 ml. at 
time and conductivity measured after each addition. Then 10.0 ml. 
of 0.1006 N sodium hydroxide solution added and the whole titrated 
against 0.5030 N hydrochloric acid solution adding 0.2 ml. at a time.
In Figs. 18 and 19 Curve A is for Mixture A,
Curve B is for Mixture B, 
and Curve D is for mixture D.
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In Fig. 18 Curve A,for mixture A, is a typical strong base-strong acid
titration. The slope of the first branch corresponds to the replacement of
OH by Cl , and of the second to the formation of ethylenediamine hydrochloride-
Thus the measured conductivities of the copper solution before and after adding
NaOH were 0.00258 and 0.00769. If no interaction has occurred the difference
is the conductivity of the sodium hydroxide, C.00511. Conversion of sodium
hydroxide to sodium chloride approximately halves the conductivity (/\ QNa0H =
247.8, / \  NaCl = 126.4 - Harned and Owen (22A) ). So the end-point of a
strong base titration should have a conductivity of 0.00258 (copper salt ) +
0.00255 (NaCl) = 0.00513. This is close to what is found. Also the
0 1021theoretical end-point should be at Q^Qg -- 1.92 ml. The end-point found
is slightly rounded, presumably due to some ionisation of ethylenediamine
(the pH^ 9  at this point - as shown later), but agrees reasonably well. The
slopes of the two branches of the curve are -0.00148 and + 0.00133. The
first, as seen, corresponds to an equivalent conductance change of -121 (using
zero concentration mobilities), so the second corresponds to a conductance 
1 "5^  x 121
change of ' * 140— "• = + 109, which is clearly the formation of ethylene­
diamine hydrochloride. The final end-point corresponds well with the con­
clusion of this reaction.
In Fig. 18 Curve D, for mixture D provides a complete contrast. The 
curve is that of the titration of a weak base with a strong acid, and the 
slight deviation of approximately 10  at the beginning of the curve is of 
the order to be expected for the ionisation of the ethanolamine present, which
-  132 -
is a somewhat stronger base than ammonia. Moreover, the extrapolated value of 
0.0029, which makes allowance for this ionisation is only slightly above the 
value, 0.0026, obtained for the copper sulphate-ethanolamine mixture before 
the sodium hydroxide was added. It is clear, therefore, that on the addition 
of sodium hydroxide a practically quantitative reaction has occurred:
CuEa42+ + SO2- + 2Na+ + 20H~ ---> CuEa2(0H)2 + 2Ea + Na2SC>4 . . . .  . (45)
The small increase in conductivity will be due to the replacement of the 
aminated copper ior. by the sodium ion* and the copper is now present in a non- 
conducting form. On adding hydrochloric acid both the ethanolamine and the 
copper hydroxide will eventually be neutralised; whether the processes occur 
simultaneously or successively will not be clearly shown by a conductivity 
titration (shewn later for evidence from potentiometric titration); but it 
can be said that inspection of the neutralisation curve shows no evidence of 
the presence of the copper hydroxide; it corresponds with that to be expected 
on neutralising ethanolamine with hydrochloric acid, the slightly smaller 
slope compared with curve A being attributable to the low mobility to be 
expected for the ethanolammonium ion. The cuir re provides the first evidence, 
so far as is known for a soluble, uncharged species [CuN2(0H)2]. (20A).
Curve B, in Fig. 18, for mixture B, where the minimum amount of ethylene­
diamine for a clear solution was added, provides an interesting intermediate 
case. Free hydroxyl ions are certainly present in the initial mixture, but 
both the initial conductivity and the slope of the neutralisation curve show 
that ionisation is not complete. The copper species that might be present
A  ,
in the initial solution are [Cu en^] ••• 2 OH-*, [Cu en (OH)^]0,
[Cv. en 20H]+ ... OH {in which one ethylenediamine is monodentate) or
[Cu en H^O 0H]+ OH , The last-named can hardly be present at the high
pH (11.9) of the solution, and the species in which one attachment of an
ethylenediamine molecules has been displaced by an hydroxyl ion seems very
unlikely* If, then, we are dealing with a simple mixture of the strong base 
2 1
[Cu en^] (OH)^ and the non-conducting [Cu en (OH)^]0, the initial conductivity 
should give the approximate proportions of each* The increase on adding 
sodium hydroxide in this case was 0*005814-0.002353 = 0.003461 whereas in 
the curve A it was 0.007692 - 0.002584 = 0.005108. Approximately, then, the 
fraction of copper oresent as strong base is = 0.68 and the fractionO.OlUo
as the non-conducting species 0.32. If this is correct, the first end-point 
in the titration should be at 1.92 r  0.68 = 1.31 ml., and this agrees with the 
minimum reading.
The points for the titration of mixture C are omitted from Fig. 18 
for the sake of clarity. The ethylene diamine added in this case was 
sufficient to give 99% conversion to the [Cn en^]^* ion, and a strong base- 
strong acid curve similar to curve A was obtained.
Potentiometric Titrations 
These are plotted for the same three mixtures A, B and D, in Fig. 19, 
and given in Tables 35 - 37, and the curves confirm the conclusions already 
drawn. The presence of free 0H~ i.ons in mixtures A and B is shown by the
-  134 -
high initial pH values, whilst curve D shows the neutralisation of a typical 
weak base. Once the free OH"" ions have been neutralised, curve A and B drop 
to much l*wer pH values than does D (the curve for ethanolamine), although 
free ethylenediamine is a stronger base than ethanolamine; this clearly 
reflects the much higher chelating power of ethylenediamine. There is 
virtually no free base in the copper-ethylenediamine mixtures, though the 
ethylenediamine complex buffers the solution around pH 5 until exhausted.
In contrast, curve D is well on the alkaline side as long as un-neutralised 
ethanolamine is present.
Curve A shows two end-points, fixed by derivative A  pH/ A  V curves 
at 1.90 and 6.07 ml. These agree very well with the theoretical end-points 
for the neutralisation of free 0H~ and then total ethylenediamine.
Curve B differs from this only in that the first end-point comes at 1.4 
corresponding to = approx, 0.73 of the copper hydroxide being in the
ionised form. Within the probable error limits this agrees with the con­
clusion from conductivities. The curve also supplements the conductivity 
information by showing a shoulder, shown more clearly by the^HpH/idlV curve, 
as a second end-point at 1.8-1.9 which indicates that the hydroxyl groups of 
the Cu en (0H)2 are neutralised (at a pH of 6-7) before the ethylenediamine 
is ionised (cf. curves A and B) with an end-point at pH 3*5.
Curve D makes an interesting contrast with these two. At first it is 
a typical weak base neutralisation curve with an end-point (pH = 7) at 4.5 ml. 
corresponding closely to the ionisation of all the ethanolamine present.
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The final end-point at 6.1 ml., corresponds to the neutralisation, in addition, 
of the weak copper nydroxide. Over this last stage the copper hydroxide 
must be in an unstable condition, and in fact traces of precipitate were 
noted in this titration from 2 ml. onwards - that is when half the ethanol­
amine present had been removed - though this fact did not interfere with the
smoothness and reproducibility of the pH measurements.
The conductivity change during the addition of amine to copper
sulphate solution provides some interesting points (Fig. 20). There is a 
rise of 15^ when Cu en^ SO^ is formed from Cu SO^* Since the mobility of
the complex must be lower than that of the uncomplexed cupric ion, the rise
2+ 2
must be due to the disappearance of ion-pairs to give [Cu e n S O ^  •
The rise is net linear, however, so ion-pa.iring is still possible for 
[Cu en SO^]. With ethanolamine there is a drop, presumably due to 
[Cu Ea^OH]*1* or [Cu Ea^OH^] and precipitation, but when sufficient ethanol­
amine is added a strong salt [CuEa^]S0^, with a high conductivity again 
appears.
Ammonia is intermediate between ethylenediamine and ethanolamine in 
its tendency to complex with copper, and it was therefore thought that a 
similar study of ammonia solutions would be of interest. Two solutions 
were used:
E 10 ml. 0.1 N CuSO, + 100 ml. water + 35 ml. 1 N ammonia solution and
4
10 ml. 0,1 N sodium hydroxide solution.
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F 10 ml. 061 N CuSO. + 100 ml. 1 N ammonia solution and 10 ml. 0.1 N
4
sodium hydroxide solution.
These were titrated with 0.5030 N hydrochloric acid solution. The
results are given in Tables 38 and 39* At point x on both the curves
(Fig. 21) the solution consists presumably of Cu , 2C1 , 2Na , SO^ (some
2+
or all of the copper being in the form of ammoniated complex ions CuNH^ ••• 
Cu(NH^)^ ), plus a large excess of ammonia, which is being converted to 
ammonium chloride along the straight lines drawn. In the earlier part of 
the curve, hydroxy-compounds 
[Cu (WH5)42+] ••• 20H“
[Cu (NH,),0H]+ ... OH
3 3
[Cu(MH )2(0H)2] and possibly 
are being neutralised to [Cu(NH,) (Ho0), ]
j X c. 4-X
Curve F, with the highest proportions of ammonia, has a much higher 
initial conductivity than curve E, but even in this case there is little 
strong base present, so little Cu(NH^)^+ ••• 20H is formed; that is, even 
when [HH^] = 1 and [OH] « 0.01 the 0H~ ions compete fairly successfully 
with the ammonia for places in the ligand positions.
Bjerrum’s constants for the four stages in Cu(NH^)^ formation are: 
[Cu(HH )]
log = 4.15 46)
[Cu][UHj]
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[Cu(HH )
log ------2~£------  = 3.50   (47)
[Cu (NHj )][HHj]
[Cu(KH ) ]
log ------ 2 -2— —  _ 2.89 '.............. (48)
[c u (n h3)2][k h3]
[Cu(lIH.), ]
and l o g -------------- . = 2. 1 3 ......................... (49)
[c u(n h3)3][n h3]
(Charges omitted for simplicity).
The concentration of arononia at bhe beginning of the two runs are 
35 100approximately N and N. Even for the lower concentration
[Cu (NEL),] 135x 35 30
 *  s «£-- whilst in the other case this ratio is over
[Cu(NH3)3] 155 X
100 ; 1, Clearly, when the sodium hydroxide is added the following 
reactions must take place:
[Cu (n h3)42+] jfM = ^ [ C u (NH3 )50H]+— * [Cu (NH3)2(0H)2] . . . . (50)
The solution after addition of sodium hydroxide could contain fractions:
x of [Cu(NH )4]2+ ... 20H” 
y of [Cu (NH,)30H]+ ... OH- 
z of [Cu (KH3)2(0H)2]°
The amounts of these are governed by the successive equilibria:
[Cu (NH3 )4]2+ + 0H_ [Cu(NH3)3OH]+ + KHj----  ^ ..........(51)
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and [Cu(NH3)30H]+ + 0 H > = £  [ Cu(KH3)2(0H)£] ° + NHj Kg ... . (52)
The addition of hydrochloric acid will remove 0H~ ions and cause both the 
above reactions to go from right to left. At the half-way stage (l ml. 
added) the overall composition will be [Cu(NH^)^OH]+ ... Cl”, though depend-
p ,
ing on and these will be small proportions of [Cu(NH^)^] and
o
[ C ^ N H ^ ^ O H ^ ]  present. Curves E and F are almost identical from this 
point on (the differences in total conductivity being attributed to the 
differing amounts of ammonia); but up to the half-way point they are 
appreciably different. In curve ijFthe initial mixture has about the 
same A  as the CuOH+ ... Cl of the half end-point; increasing ionization 
has balanced the drop in /\ due to the replacement of OH by Cl • In 
curve £this is no longer the case.
It is now possible to return to a point mentioned in an earlier 
chapter, which it was not then possible to explain. This is that when 
a metal form resin, particularly the copper form, is immersed in an aqueous 
ammonia solution, there is a tendency for a small amount of metal to be 
temporarily released to the outer solution; on allowing the system to stand, 
this metal is eventually re-adsorbed* 'The reason for this is now clear.
As ammonia diffuses into the resin it will be taken up in complex formation 
and the concentration of free ammonia in the swelling liquid will build 
up only slowly. During this period, conditions in the resin will favour 
the formation of hydroxy complexes and the reaction
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2R- ... Cu2+ + 4 E H  5 Cu(NH )2(0H)2 + 2lf .... 2 KH +
will proceed to a significant degree. The cuprammine hydroxide released 
in this way is free to diffuse, but in the outer solution it will en­
counter a high concentration of ammonia, and the ensuing reaction ;
Cu(NH3)2(0H)2 + 2 NH3 Cu(MH A 2* + 2 OH" . . . . . . .  (53)
will be gradually driven to the righ+ by the preferential adsorption of the 
resin for this doubly charged ion. The copper, at final equilibrium, there­
fore, will be almost exclusively retained as Cu(NH^)^+ by the resin phase, 
as in fact has been found.
To summarise, therefore, ethylenediamine forms very stable complexes 
with copper, and on adding sodium hydroxide to these the strong base 
[Cu ... 2 OH is present. If there is insufficient ethylenediamine
to occupy all sites, a weak base [Cu en(0H)2] is formed. At the same 
concentrations ethanolamine cannot compete successfully with OH and the 
weak base [Cu Ea^ COH)^ ] is formed. On adding hydrochloric acid, in the 
first case the successive reactions :
[Cu e n (0 H )J — - »[Cu en]2+ + 2 Cu2+ + 2 en H C 1.....................(54)
takes place, but in the second
[Cu Ea2(0H)2] ~> Cu(0H)2 + 2 EaHCl Cu2+  .......... (55)
This is in spite of the fact that ethylenediamine is a stronger base than 
ethanolamine, when they are free; it is because en complexes so much 
more strongly with copper that the apparent order is reversed.
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Another case where interesting competition between anion and amine
might be expected would be in the addition of ethylenediamine to copper
malonate solution, as both malonate and ethylenediamine are strong ligands
for copper. 100 ml. of 0.005 M copper malonate solution was taken in the
cell and titrated against 1.115 N ethylenediamine solution. The results
are given in Table 40 and shown in Fig.22. The conductimetric curve shows
that 10_> increases from 0.1235 for copper malonate to 0.628 when the
R
stoichiometric composition is Cu.en.Mal, and then to 2.59 for Cu en2 Mai. 
The rise is tailing away rapidly at this point
The cell constant was determined by using the standard value of 
Jones and Bradshav/ (29A) for an 0.01 D potassium chloride solution at 25°C. 
This enabled the conversion of the measured values into specific conducti­
vities and finally into equivalent conductances by the formula
.................  (56).
The equivalent conductivity of 100 ml. 0.01 N copper malonate solution was 
calculated to be 4*3&* When the stoichiometric composition was Cu en Mai 
the equivalent conductivity was 22.27 and when it was Cu en^Mal the equiva­
lent conductivity was 91*9* This value for Cu en2Mal can be compared with 
that of 0.01 N copper sulphate solution (A * 83*12 as quoted by Haraed and
Owen (22A). S o clearly the salt is now very highly dissociated into ions:
2+  2- 
Cu en2 and Mai •
Its equivalent conductivity is 20 times higher than that of copper malonate
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in water. The rise over the first half of the curve is comparatively 
insignificant, as would be expected if the first ethylenediamine 
molecule can be accommodated without disturbing the Mai: en Cu ' Mai.
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TABLE 31
Conduotimetrio Titrations for Svs'
Volume R 10*
a
Volume R 10*5 
! £
CuSO. 
. 4
447 2.237 3.2 145 | 6.897
2.0 ml.en 387 2.584 3.4
"9 £
139
134
129
j 7.194 
7*4£3 
j 7.752
10 ml.NaOH 130 7.692
' 3.6
3^8
HC1 soln. 4.0 125 8.000
0.2 135 7.407 4.2 121 8.265
1
0 .4 141 7.092 4.4 117 j 8.547
0.6 147 6.803
.
4.6 113 8.850
0.8 154 6.494 4.8 109 ; 9.174
1.0 161 6.211 5.0 106 ; 9.434
1.2 170 5.882 5.2 3 03 ! 9.709
1.4 1?8 5.618 5.4 100 10.00
1.6 187 5.343 5.6 97 10.31
1.8 192 5.208 5.8 94 : IO.6 4 !
2.0 189 5.291 6.0 90 j 11.11
2.2 180 5.556 6.2 83 I 12.05
1
2.4 172 5.814 6.4 78 12.82
2.6 164 6.098 6.6 72 13.89
2.8 157 6.369 6.8 68 14.71
3.0 151 6.623
0 
|
• 
1
Is"- 
I
64 15.63
j
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TABLE 32
Conductimetrio Titrations for System
\
| Volume 
1 en
R 103
R
~....1
Volume
.
R 10-5
Rf 1 TIinTT* .
j „  .
i 448 2.232 1.9 193 5.181
0.1 447 2.237 2.0 187 5.348
0.2 446 2.242 2.1 183 5.465
' 0.5 444 2.252 2.2 178 5.618
i 0.4 443 2.275 2.3 173 5.780
| 0.5 440 2.273 2.4 169 5.917
! 0.6 438 2.283 2.5 165 6.061
1 °-7 437 2.288 2.6 161 6.211
: o.8 435 2.299 2.7 157 6.369
0.9 432 2.315 2.8 154 6.494
1.0 430 2.326 2.9 150 6.667
l.i 427 2.342 3.0 147 6.803
1.2 425 2.353 3.1 144 6.944
3.2 141 7.092
10 ml.NaOII 172 5.814 3.3 138 7.246
..... . ■ ■-- --- -- 3*4 135 7.407
HC1 soln. 3.5 133 7.519
0.1 176 5.68 2 3.6 130 7.692
0.2 180 5.556 3.7 128 7.813
0.3 184 5.435 3.8 125 8.000
0.4 188 5.319 3.9 123 8.130
0.5 192 5.208 4.0 120 8.333
0.6 197 5.07 6 4.1 118 8.475
0.7 201 4.975 4.2 116 8.621
0.8 205 4.878 4.3 113 8.850
0.9 210 4.762 4.4 109 9.174
1.0 214 4.673 4.5 104 9.615
1.1 219 4.566 4.6 99 10.10
3.2 223 4.484 4.7 95 10.52
1.3 226 4.425 4.8 91 10.99
1.4 221 4.525 4.9 87 11.49
1.5 23 5 4.651 5.0 83 12.05
1.6 209 4.785 5.1 80 12.50
1.7 2C3 4.926 5.2 77 12.99
1.8 198 5.051
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TABLE 33
Condnctimetric Titrations for System C
Volume
R
310^
en R
r 449.0 2.227
0.4 445.7 2.243
0.6 443.0 2.257
0.8 439.5 2.275
1.0 433.6 2.306
1.2 427.0 2.342
1.4 421.7 2.371
1.6 416.5 2.401
10 ml.
NaOH 144.4 6.944
HC1 soln.
0.2 148.5 6.757
0.4 157.4 6.369
0.6 165.4 6.060
0.8 173.2 5.780
1.0 181.4 5.513
1.2 190.0 5.263
1.4 199.0 5.025
1.6 205.3 4.871
1.8 202.4 4.941
2.0 193.8 5.161
2.2 184.7 5.414
2.4 176.8 5.655
2.6 168.7 5.927
2.8 163.7 6.112
3.0 156,3 6.400
3.2 150.1 6.663
Volume R 103
R
3.4 14-4.0 6.944
3.6 139.4 7.194
3.8 134.3 7.463
4.0 129.2 7.752
4.2 125.0 8.000
4.4 119.7 8.333
4.6 117.4 6.547
4.8 113.2 8.849
5.0 108.7 9.174
5.2 105.8 9.434
5.4 103.3 9.708
5.6 97.67 10.24
5.8 90.67 11.03
6.0 85.14 11.75
6.2 78.93 12.67
6.4 73.91 13.53
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TABLE 54
Conductimetrlo Titrations for System I)
Volume
Ea R
105
R
mm 447 2.237
0.2 457 2.188
0 .4 465 2.150
0*6 472 24117
0.8 464 2*155
1.0 455 2.198
1.2 441 2.268
1.4 426 2.347
1.6 412 2.427
1.8 399 2.506
2.0 3 86 2.591
2.2 373 2.681
10 ml.
311NaOH 3.215
HC1 sola
0.2 304 3.289
0.4 290 3.448
0.6 274 3.650
0.8 258 3.876
1.0 244 4*098
1.2 231 4.329
1.4 219 4.566
1.6 209 4.785
1*8 199 5.025
2.0 191 5.236
2.2 183 5.464
I 176 5.682
Volume R
103
R
2.6 169 5.917
2*8 163 6.135
3*0 158 6*329
3*2 153 6.536
3.4 148 6.757
3.6 144 6.944
3.8 140 7.143
4.0 136 7.353
4.2 132 7.576
4.4 128 7.812
4.6 125 8.000
4.8 122 8.197
5.0 119 8,403
5.2 116 8.621
5.4 113 8.850
5.6 110 9.091
5.8 107 9.346
* 6.0 104 9.615
6.2 101 9.901
6.4 96 10.417
6.6 89 11.236
6.8 84 11.905
7.0 78 12.821
7.2 74 13.514
7.4 69 14.493
716 66 15.152
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TABLE 35
pH Titrations for gystem A
Volume pH A pH
A.V
CuSC,
4 4.96 -
2,0ml, en 10.36 -
10 ml.NaOH 11.87 -
HC1 soln.
0.2 11.80 0.40
0.4 11.74 0.30
0.6 11.67 0.35
0.8 11.58 : 0.45
1.0 11.46 0.60
1*2 11.29 ; 0.85
1.4 11.03 1.30 i
1.6 10.56 ; 2.35
1.8 9.86 3.50
2.0 7.92 9.70 :
2.2 6.66 6.30
2.4 6.04 ; 3.10
2.6 5.77 ! 1.35
2.8 5.59 0.90
3.0 5.45 i 0.70
3.2 5.33 ; 0.60
3.4 5.21 0.60
3,6 5.12 0,45
3.8 5.00 0.60
4.0 4.89 0.55
4.2 4.78 0.55
4.4 4.67 0.55
4.6 4.56 : 0.55
4.8 4.48 ■ 0.40
5.0 4.38 0.50
5.2 4.27 0.55
5.4 4.15 0.60
5.6 4.02 0.65
5.8 3.78 1.20
6.0 3.28 2.50
6.2 2.88 ; 2.00
6.4 2.66 1.10
6.6 2.54 0.60
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TABLE 36
•pH Titrations for System B
Volume
en pH
4  pH 
~ v ~
5.10 0.00
0.1 5.40 3.00
0.2 5.52 1.2
0.3 5.61 0.9
0.4 5.70 0,9
0.5 5,78 0.8
0.6 5.86 0.8
0.7 5.96 1.0
0.8 6*06 1.0
0.9 6.16 1.0
1.0 6.26 1 .0
1.1 6.36 1.0
1.2 6.44 0.8
10 nl.
NaOH 11.88 -
HC1 soln.
0.2 11.78 0.5
0.3 11.73 0.5
0.4 11.69 0.4
0.5 11.63 0.6
0.6 11.57 0,6
0.7 11.49 0„3
0.8 11.41 0.8
0.9 11.30 1.1
1.0 11.17 1*3
1.1 10.98 i . 9
1.2 10.69 2.9
1.3 10.08 6.1
1.4 8.51 15.7
1.5 7.66 8.5
1.6 7.22
t 4.4.......
Volume pH
4 pH 
a v
1.7 6.95 2.7
1.8 6.55 4.0
1.9 6.15 3.0
2.0 5.87 2.8
2.1 5.66 2.1
2.2 5.51 1.5
2r3 5.39 1.2
2.4 5.30 0.9
2.5 5.23 0.7
2.6 5.15 0.8
2.7 5.07 0.8
2.8 5.00 0.7
2.9 4.93 0.7
3.0 4.86 0.7
3.1 4.80 0.6
3.2 4.74 0.6
3.3 4.68 0.6
3.4 4.62 0.6
3.5 4.56 0.6
3.6 4.50 0.6
3.7 4.44 0.6
3.8 4.38 0.6
3.9 4.32 0.6
4.0 4.23 0.9
4.1 4.14 0.9
4.2 4.04 1.0
4.3 3.86 1.8
4.4 3.56 3.0
A.5 3.24 3.2
4.6 3.13 1.1
4.7 2.88 ; 2.5
4.8 2.77 1.1
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TABLE 57
r>E Titrations for System D
Volume pH
A P h
CkV
CuS04 4.85 -
; 2.2 ml.Ea 9.28 -
10 ml.NaOH 10.80 -
HC1 soln*
0.2 10.50 1.50
0.4 10.26 1.20
0.6 10.08 0.90
0.8 9.92 o.8o ;
1.0 , 9.77 0.75
1.2 9.64 0.65
1.4 9.52 0.60
1.6 9.40 0.60
1.8 9.27 0.65
2.0 9.16 0.55
2.2 9.05 0.65
2.4 8.92 0.55
2.6 8.82 0.50
2.8 8.73 0.45
3.0 8.64 0.45
3.2 8.56 0,40
3.4 8.48 0.40
3.6 8.40 0.40
3.8 8.50 0.50
4.0 8.15 0.75 ;
4.2 7.91 1.20 ’
4.4 7.51 5^00
4.6 6.46 4.25
4.8 6.11 1.75
5.0 . 5.95 0.80
5.2 5.84 0.55
5.4 5.74 0.50
5.6 5.66 0.40 ■
5.8 5.60 0.50
6.0 5.43 0.85
6.2 3.40 10.15
6.4 2.85 2.85
6.6 2.60 1.15 -
6,8 2.46 0.70
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TABLE 38
I
Volume
NH_
j
R 103
R
1C.0
15.0
20.0 
25.0 
30.0 
35.0
442.8
316.8
309.4
303.4 
298.0 
293.8
292.5
2.258
3.166
3.232
3.296
3.356
3.404
3.419
10 ml. NaOH 215.2 4.647
HC1 solution
0.2 216.2 4.625
0.4 214.9 4.653
0.6 213.5 4* 684
0.8 210.4 4.753
1.0 205.4 4.869
1.2 200.2 4.950
1.4 194.4 5.144
1.6 188.5 v 5.305
1.8 180.7 5.535
2.0 175.0 5.714
2.2 169.0 5.917
2.4 164.4 6.083
2.6 158.2 6.329
2.8 152.2 6.579
3.0 147.0 6.803
3.2 142.0 7.042
3.4 137.0 7.299
3.6 133.0 7.519
3.8 129.0 7.752
4.0 125.0 8.000
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Ta b l e  39
Conductimetrio Titrations for System F
Volume R 103
R
CuSO.
4 207.4
4.821
10 ml. NaOH 147^0 6. 3c3
HC1 solution
0.2 148.0 6.757
0.4 148.0 6.757
0.6 148.0 6.757
0.8 148.0 6.757
1.0 147.0 6.303
1.2 146.0 6.849
1.4 144.0 6.944
1.6 141.0 7.0922
1.8 139.0 7.194
2.0 133.0 7.407
2.2 132.0 7.576
2.4 129.0 7.752
2.6 126.0 7.936
2.8 123.0 8.130
. 3.0 119.0 8.403
3.2 116.0 8.621
3.4 113.0 8.85C
3.6 110.0 9.091
3.8 107.0 9.346
4.0 104.0 9.615
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TABLE 40
Conductimetrio Titrations Copper Malonate - Ethylenediamine System
Volume
en
R 103
a
•* 8100 0.1235
0*1 6310 0.1585
0.2 5412 0.1848
0.3 4800 0.2083
0.4 4400 0.2273
0.5 4000 C.2500
0.6 3600 0.2778
0.7 3100 0.3226
0.8 2400 0.416?
0.9 1590 0.6289
1.0 1111 0.9009
1.1 901 1.110
1.2 699 1.431
1.3 578 1.730
1.4 497 2.012
1.5 439 2.278
1.6 406 2.463
1.7 394 2.538
1.8 386 2.591
1.9 379 2.638
2.0 375 2.667
2.2 367 2.725
2.4 359 2.786
2.6 354 2.825
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chapter VI
GENERAL CONCLUSIONS
- 158-
The results reported in this thesis provide new information on the 
following topics:
(1) The extent of swelling of different cationic forms of a sul- 
phonate resin in aqueous solution.
(2) The stability of metal-amine comp?.exes, both in aqueous 
solution and in the resin phase.
(3) The nature and stability in aqueous solution of the mixed 
complexes formed by metal ions with aqueous bases.
These will be briefly discussed in turn.
(l) THE INFLUENCE OF THE CATION ON SWELLING-.
The data are collected in Table 30- Fox* the alkali metal and 
ammonium ions it has already been noted that the s?felling in aqueous 
ammonia is very nearly the same as in pure water. This is what would be 
expected, since the distribution coefficients of gmmonia and water between 
the aqueous and resin phases, which are near unity, shows that these ions 
exert no marked preference for either solvent. The resin therefore swells 
until the difference im osmotic activity within and without the resin is 
balanced by the restrictive forces of the resin, and the equilibrium 
position is unaffected by the presence of ammonia.
The data for silver resins provide two points of interest. In 
the first place, the swelling in water is low, and this might well be 
due to the ionic association ?/hich has been postulated for silver resins
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by a number of workers® In the second place, conversion of the silver 
/,.. \ +
ion into the Ag'vj f l H c omplex causes a very large rise in swelling. Part 
of this increase can be attributed to the disappearance of the first effect, 
the protected silver ion forming a strong resin salt; but the swelling of 
the AgCNH^)^*1' resin is so great - markedly greater than that of any other 
univalent ion - that there may be grounds for speculating further, that a 
small degree of ion-pairing may exist in the alkali metal forms of the resins 
and that even the lithium resin in water is not exerting its full osmotic 
effecu for this reason. In support of this it is being increasingly 
realised that resins are not homogeneous structures, and it may well be that 
a small proportion of counter-ions are located in positions where the ion- 
binding forces may be abnormally strong. In the 12fo resin the swelling 
of both silver forms is naturally much less, but the picture is the same 
as in the Sfo resin, the proportionate increase on formation of the ammine 
is somewhat less in this case because in the more tightly cross-linked 
resin the restoring force in the resin network rises more steeply with 
increase of volume.
Turning to the multivaient cations, it will be seen that the 6$ 
resin shows a high degree of swelling in water in the nickel, manganous, 
cupric, zinc and cobaltous forms. The swelling of these various metal 
forms is almost equal, and greater than that of the ammonium and potassium 
forms in spite of the fact that equivalents of the resin are being
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M +compared; that is, the osmotic activity of R - K is being compared
—  1 2+
with that of £. - -gM . Clearly the hydrated metal resins are very 
highly dissociated. The general effect of complex formation in these cases
is to bring about a moderate decrease in swelling, and this may probably 
be attributed to the increase of ionic radius* There are one or two 
irregularities, however, especially Yfhen ethylenediamine is the ligand, 
and it may be that the base is not without some effect on the resin framework* 
Fith the tervalent metals, chromium and iron, the swelling in water 
is again high, and here it is noticeable that the swelling is appreciably 
greater in ethylenediamine or propylenediamine solutions than in water 
or aqueous ammonia; the effect is very marked with thek+5% cross-linked 
chromium resin. This apparent reversal with these two metals probably has 
a separate explanation; in water and in aqueous ammonia (with its relatively 
small complexing tendency) it is probable that these metal ions are partly 
hydrolysed, and there is some reduction of charge; the diamines are suffici­
ently strong ligands to displace hydroxyl groups, however (see later), and 
so more 11 normal11 swelling figures are obtained when the metal exists as 
a di-amine complex. A further factor, of course, is the increased 
physical size of the complex, which, other things being equal, would lead 
to a greater swelling volume. The data for the divalent metals shows, 
however, that this effect is relatively unimportant; when the volume of 
the counter-ion increases a corresponding small amount of free solvent 
can be excluded from the resin phase, and the total volume and swelling
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pressure of the resin phase will not be greatly displaced from the former 
position of equilibrium.
(2) METAL-AMINE COMPLEXES
Bailar and Bush (ref.li^A, page 3) have reviewed that chromium forms 
a large number of ammines, most of which are slowly destroyed in water 
solution. The ammines of manganese are still less stable, and neither 
iron(ll)nor iron(lll) react with ammonia in water solution to give ammines. 
These ions co-ordinate instead with hydrosyl ions generated in the water by 
the addition of ammonia. With cobalt, nickel, copper, and zinc, however, 
stable ammines are formed. The ions of these metals retain the ability 
to co-ordinate Yfith oxygen in even greater degree than do the ions of the 
lighter metals, but the tendency to form links with nitrogen is still 
more pronounced.
The results obtained with the resins with these metal ions confirm 
the above statement of Bailar and Bush with the exception that chromium(lll) 
and iron(ill) form resins also take ammonia and other amines quantitatively 
from their aqueous solutions, like other transition metal ion form resins.
No precipitation of the hydroxides of these metals was observed. This 
tendency of aminine formation by the metal when on the resin, from the aqueous 
ammonia solution, otherwise giving precipitation of the hydroxide instead 
of ammine formation, can be qualitatively explained as follows j
Ammonia or an amine acts as a weak base in water and ionises to some
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\ +  ■ —  2+extent: B + H^O BH + OH . When a metal cation M is present
there is competition between the species B, H^O and OH for co-ordination
sites in the co-ordination sphere of the cation, and in addition to the
/ \ 2+hydrated ion, there ¥\rill be present ammine complexes, (M, B ) ,
9 (2-m)+
hjrdroxy-complexes (M,OH^) ' and various mixed complexes in which
(n + m) may equal the co-ordination number of the metal, or may be less
(the remaining sites being occupied by water molecules). The position is
therefore complicated, since a dozen or more soluble complexes may be in
equilibrium with one another in the solution. In addition there is also
the possibility of precipitation of the metal hydroxide. The solubility
products of the metals discussed here have been determined, and have very
low values. In no case, however, is information available as to the actual
ionic species whose activity products reach a constant saturation value
when a solid phase appears; all that is known in practice is the pH of
the solution in which precipitation occurs, and this lack of knowledge
concerning the actual hydroxy-complexes present in the solution prevents
any quantitative treatment of the problem at present.
When complex formation in the resin phase is contrasted with the
formation of complexes in aqueous solution, differences between the two
might be attributed either to differences in the stability constants in the
two phases, or to differences in the concentrations of the reactants. It
has already been shown that, in general, stability constants calculated
from resin equilibria are not greatly different from those obtained by
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Bjerrum and others for aqueous solutions; marked differences in the be­
haviour of aqueous and resin systems must therefore be attributed to 
differences in the concentrations of the reactants. These can arise 
principally as a result of the Donnan membrane equilibrium conditions.
To take a concrete example, consider the cupric icn, in an aqueous 
solution of ammonia. Complex formation may follow two paths (in this 
broad outline, mixed complexes can be ignored):
Cu2^
9 NH*
NH_ Cu(NH^ ) +  ^  Cu(NH^ )2 ...  } Cu(NH3)^
OH
^ar
CuOH* Cu (0H)2 ppted.
The factors that determine what actually occurs are (i) the tendency to 
form ammines,(ii) the tendency to form hydroxy complexes, and (iii) the 
relative concentrations of NH_ molecules and OH ions. Bjerrum has shown
j
that the successive stability constants for ammine formation differ only 
to the extent expected from statistical considerations, so that the 
tendency to follow the first path can be represented by a mean stability 
constant for the series, Kg, say; the same will probably apply to hydroxy 
complex formation, with a mean constant Kg. The relative concentrations 
of NH^ molecules and OH ions depend on the concentration of the ammonia 
and other factors; in a 1 N aqueous ammonia solution the ratio is about 
250 : 1, so that in this solution the relative probabilities of the two 
reactions will be approximately in the ratio 230 Kg : K^. The facts show
-  164 -
that this ratio is not far from unity. In ^ery dilute ammonia, when the 
[KH5]/[0H~] ratio is much less than 250, complex formation with hydroxyl 
ion predominates and copper hydroxide is precipitated; in concentrated 
ammonia, or on adding an ammonium salt to depress ionisation, ammine formation 
is favoured and precipitation does not occur.
Within a resin precipitation does not occur even in very dilute ammonia 
solution, and ammine formation is always the result. Here we are dealing 
with the equilibrium
I irI
NH ;
sir I Cu2+
NH„+ + OH" !
4 !
The three species from the aqueous solution can enter the resin phase, 
and ammine formation can take place almost exactly as before (since the 
distribution coefficient of ammonia is near unity). Incipient hydroxy- 
complex formation however would lead to the reaction
2 R " ........  CuOH*
NH*
4
and would quickly build up quite a high concentration of ammonium ions; for 
instance, if this first stage in hydroxide concentration proceeded to only 
4fo, the concentration of NH^* - ion would be already 0.1 N, and since
[NH^] [OH] = [NH^] [OH] = 1 ,8 x 10“5 (in 1 N NH^ - solution), [OH] =
1.8 x 10~4, and the ratio [NH ]/ [OH] 5,000, and the copper ion is
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virtually completely converted into ammine.
When another base is substituted for ammonia the same considerations 
will apply. For instance, ethy1ene-diammine is a somewhat stronger base 
than ammonia, which will reduce the concentration ratio [b ] /[ o h]j it is 
a far stronger complexing agent however, and the millionfold increase in 
Kt completely outweighs the less favourable numerical factor in the above
il
equation, and precipitation of copper hydroxide in solutions of this base 
never occurs. On the other hand, ethanolamine is a somewhat stronger base 
than ammonia and a slightly weaker complexing agent. In dilute aqueous 
solutions this base precipitates copper hydroxide, but in the resin phase 
an amino complex is formed, though incompletely^
The same considerations apply to the metals here investigated for 
the first time. Manganese has a comparatively small tendency for ammine 
formation; this is insufficient to prevent precipitation in aqueous 
solution, but does so at the low hydroxyl-ion concentration in the resin. 
Iron and chromium have high values both for and K^; in both cases 
first-stage hydroxide formation probably proceeds extensively in the 
resin and builds up a high concentration of ammonium ion that virtually 
excludes hydroxide ion from the resin.
The formation curve for the ferric ammines is slightly lower tnan 
that for the chromium ammines and hence the former are slightly less 
than the later ones.
Ethylenediamine is a bidentate group and forms very stable amines
\
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with the transition metal ions. The partial molar volume of ethylenediamine 
is higher than that ©f ammonia. Hence the larger ethylenediamine molecules 
may experience some difficulty in occupying sites in the interior of the 
resin. In the 4 cross-linked chromium-resin the amine formation is 
complete hut not in the 8a/o cross-linked resin. So the stability constants 
calculated from these results differ for the two resin forms. Also, the 
formation curve for the Qfo cross-linked chromium-resin is lower than that 
for the cross-linked Iron (ill) resin. This may give the misleading 
conclusion that ferric amine complexes are more stable than those of chromium 
amines. But the real reason seems to be different. The equivalent weights 
of chromium (ill) and Iron illl) form resins are approximately equal. But 
the iron (ill) form resin swells more in water than the chromium (ill) form 
resin. So due to more swelling, the ethylenediamine molecules can penetrate 
deep inside the interior of the iron resin and hence the absorption is more. 
But in the chromium form resin the ethylenediamine molecule cannot occupy 
the inner most sites in the resin and hence there is less absorption of 
ethylenediamine. Thus the higher stability constants derived for the 8%
cross-linked iron (ill) resin as compared to the 8^ cross-linked chromium
(h i ) resin are due to the swelling effect and not the actual stability of 
ferric amines.
The effect of a large ligand molecule is more pronounced with
propylenediamine, The partial molar volume of propylenediamine is
higher than that of ethylenediamine, so the formation of ferric propylene­
diamine and chromium propylenediamine complexes is not complete. The 
formation curve for the latter is below that of the former, and this can be 
seen to be due to less swelling of the chromium form resin compared to the 
iron form, otherwise, the amine complexes of iron (ill) are expected to be
less stable than those of chromium. This type of reasoning is well confirmed
by cobalt and zinc form resins. According to the Irving-Williams order and 
the known stability constants in aqueous amine solution, zinc propylene­
diamine complexes are less stable than those of cobalt. But from the resin 
results it seems that the reverse is true. Equivalent weights of cobalt and
zinc resins are nearly equal. But the zinc-form resin swells more in water 
than the cobalt form resin, and hence the propylenediamine molecules can
penetrate deep inside the resin whilst in the cobalt form some sites in the
interior of the resin remain unoccupied, so the real order of absorption of 
propylenediamine is reversed. Yet, in both the resins amine formation 
is not complete. Tc summarise, the degree of cross-linking does effect 
the extent of complex formation and hence, when an attempt is made to derive 
the stability constants of the metal complexes with larger molecules, 2$ or 
4fo cross-linked metal form resins should be used,
(3) MIXED COMPLEXES
The oonductimetric and the potentiometric studies carried out here 
showed the presence of a weak base [Cu (OH)^]0 the formation of which
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depends upon the strength of the base and the ability of the base to complex 
with copper. Along with chis neutral species a monobase and a strong dibase 
may be expected to be present. Very little is known in the literature about 
the soluble complex hydroxides and it is desirable that a thorough investiga­
tion should be carried out by other methods like solubility, absorption 
spectra, polarography, infrared studies, magneto-chemistry and N.M.R. studies. 
The soluble metal amine hydroxides formed by other metals can be studied by 
these methods. When the chromium form resin was equilibrated with aqueous 
ethanolamine, a large amount of chromium was released to the solution, giving 
a dark violet colour to the solution, which may be due to the soluble 
chromium-ethanolamine hydroxide which may be a neutral species and hence a 
weak base. Detailed investigations could be carried out on these complexes.
A similar release of iron (ill) was observed in the ethanolamine solution.
It may be possible to carry out the separation of metals in their 
amine complex forms and also in the form of their soluble metal amine 
hydroxides. Also different bases can be separated by a complex forming 
metal resin.
Very little work has been done on the carboxylic acid resins and the 
phosphonic acid resins. It is believed that copper, cobalt, nickel and other 
transition metals are held by the carboxylic acid resins by covalent bonds 
and hence (N-2) covalent bonds are available for other ligands where N is 
the co-ordination number of the metal atom. It is observed with the 
sulphonic acid resin that the copper form resin absorbs 34.0 gms. of
169 -
of ammonia per equivalent and hence four ligands of ammonia are attached per 
copper atom on the resin. Similar methods can be tried for the carboxylic 
acid resin. But it should be remembered that the metal form carboxylic acid 
resin will hydrolyse in water and hence it is not possible to prepare the 
copper form of the carboxylic acid resin. Some other methods must be tried. 
Preliminary investigations carried out by the present method on the copper- 
form of the carboxylic acid resin showed that four ammonia ligands were 
attached per copper atom. Hence any covalent bonding cf copper by the resin 
is destroyed by an excess of ammonia, just as has been found for copper 
malanate in aqueous solution. Detailed investigations should be carried 
out by other methods.
The work described in this thesis concerns only monoethylenediamine and 
monoethanolamine. The remaining di- and tri- bases are worth studying in 
connection with the stereochemical configurations and stability of the 
complexes they form with different metals.
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